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ABSTRACT
The lowest-mass stars, known as M-dwarfs, form target samples for upcoming exoplanet
searches, and together with lower-mass substellar objects known as brown dwarfs, are
among prime targets for detailed study with high-contrast adaptive optics (AO) imaging
and sub-millimeter interferometry. In this thesis, I describe results from three studies
investigating the companion properties and environments of low-mass systems: (1) The
245-star M-dwarfs in Multiples (MinMs) Survey, a volume-limited survey of field M-dwarf
companions within 15 pc, (2) the Taurus Boundary of Stellar/Substellar (TBOSS) Survey,
an ongoing study of disk properties for low-mass members within the Taurus star-forming
region, and (3) spectroscopy of a brown dwarf companion using the Gemini Planet Imager
(GPI).
Direct imaging of M-dwarfs is a sensitive technique to identify low-mass companions
over a wide range of orbital separation, and the high proper motion of nearby M-dwarfs
eases confirmation of new multiple stars. Combining AO and wide-field imaging, the
MinMs Survey provides new measurements of the companion star fraction (CSF), separation
distribution, and mass ratio distribution for the nearest K7-M6 dwarfs. These results
demonstrate the closer orbital separations (∼6 AU) and lower frequency (∼23% CSF) of
M-dwarf binaries relative to higher-mass stars.
From the TBOSS project, I report 885µm Atacama Large Millimeter/sub-millimeter
Array continuum measurements for 24 Taurus members spanning the stellar/substellar
boundary (M4-M7.75). Observations of submillimeter emission from dust grains around
the lowest-mass hosts show decreasing disk dust mass for decreasing host star mass, con-
sistent with low frequencies of giant planets around M-dwarfs. Compared to the older
stellar association of Upper Scorpius, Taurus disks have a factor of four higher mass in
submillimeter-sized grains.
i
From the GPI Exoplanet Survey, I describe near-infrared spectroscopy of an unusually
red companion orbiting inside the debris disk of an F5V star. As the second brown dwarf
discovered within the innermost region of a debris disk, the properties of this system offer
important dynamical constraints for companion-disk interaction and a useful benchmark for
brown dwarf and giant planet atmospheric study.
ii
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Chapter 1
INTRODUCTION
1.1 Overview of Multiplicity and Companion Properties
While our Sun is a single star, it is now known that binary star systems – consisting of
two stars – and triple and multiple star systems – consisting of three or more – are abundant
within the universe. The venture to understand the uniqueness of our solar system naturally
leads to an examination of whether or not the Sun is a typical star, and therefore whether its
lack of a stellar companion is normal or a departure from the norm.
Many outstanding questions remain regarding the processes of star and planet formation.
While our best-studied example of a planetary system is the one in which we currently reside,
understanding the processes that led to the current configuration of the solar system are
highly dependent on astrophysical processes we are currently trying to measure in distant,
young stellar systems – in hopes of catching a snapshot of processes which may be similar
to the events that took place in the early history of our own planetary system. In contrast
to an isolated star, the presence of an additional star in a young, newly-forming planetary
system may dramatically alter the landscape of planet formation, and so the properties and
occurrence rates of binary and multiple stars also give us insight into what common mode (or
modes) of planet formation may be. Furthermore, a proper accounting of binary stars also
serves as a critical estimate of the stellar mass budget and the initial mass function (IMF):
as ∼70% of the mass budget of the Milky Way galaxy lies in objects with mass ≤ 1M
(Chabrier et al., 2005), accurate measurements of stellar multiplicity hold ramifications for
planetary, galactic, and extragalactic science.
1
1.1.1 Observational Background on Companion Discoveries
1.1.1.1 Stellar Binaries and Multiples
Identifying binary systems and understanding their properties have long standing roots
in astronomical history. Indeed, it is likely binaries were identified even in antiquity; the
visual binary pair of Mizar and Alcor in Ursa Major has long been used as a test of visual
acuity, even since the times of ancient Persia (Bohigian, 2008). The term binary star, first
adopted by William Herschel, was used to describe stars near each other with motions
dominated by their proximity as a pair and unaffected by neighboring stars (Herschel, 1802);
this concept drew upon earlier work by Michell (1767), who based a gravitational theory
of multiple stars upon a statistical analysis of double stars in the Pleiades. Throughout the
18th and 19th centuries, astronomers began to catalog new binaries as resolved through
larger and more powerful telescopes, leading to surveys of > 1000 stars (e.g., Herschel,
1833; Burnham, 1894). In the early 20th century, Gerard Kuiper described the burgeoning
field of double-star surveys and their astrophysical potential to unlock the processes of
star formation, while detailing many similar problems encountered by astronomers today:
ascertaining true physical companionship of the stellar components, disentangling spurious
signals from real ones, and deriving accurate properties of the stellar systems: orbital
elements, parallaxes, proper motion, radial velocity, and their overall distribution (Kuiper,
1935).
In order to determine whether or not binary systems are normal or abnormal outcomes
of the star formation process, modern surveys have endeavored to measure the properties
described by Kuiper in a systematic fashion for a wide variety of stellar types and populations.
Early lines of evidence suggested high incidences of binary stars, particularly for high-mass
2
stars, with 50–100% of stars thought to be in short period binaries, and nearly 100% with
short or long period companions (Abt, 1983). However, due to inhomogeneous samples
selected on bright stars and various sources of incompleteness (e.g., selecting on magnitude,
only northern or southern hemisphere stars, limited sensitivity to companions at different
mass ratios or separations, etc), early studies tended to overestimate binary fractions.
To account for biases in sample selection and detection method, surveys began to
focus on certain spectral types of stars, thereby restricting studies to a well-defined stellar
mass range. Searches within a predefined volume help avoid the effects of Malmquist
bias introduced by magnitude-limited surveys, which may lead to enhanced numbers of
unresolved binaries which are intrinsically brighter at a given distance. The seminal survey of
Duquennoy and Mayor (1991) provided the largest strictly volume-limited study (d < 22pc)
to establish the multiplicity frequency of solar type stars, applying the uniform technique
of searching for spectroscopic binaries with radial velocity measurements, and found a
higher proportion of single stars to binaries: as many as 33% single stars, in comparison
to previous estimates of higher binary fractions. With more accurate and uniform parallax
information becoming available later that decade from the Hipparcos satellite (ESA, 1997a;
van Leeuwen, 2007), a revised and larger study by Raghavan et al. (2010) increased the
sample size of solar-type stars to over 400 targets. With a well-defined follow-up effort,
careful sample selection and incompleteness analysis, and the application of multiple
complementary binary detection techniques (interferometry, direct imaging, and radial
velocity monitoring), Raghavan et al. (2010) were able to establish that the majority of
solar-type stars (54%) were single.
Defining the multiplicity frequency of field solar-type stars represents a critical measure-
ment for contextualizing the formation history and evolution of the Sun, and a benchmark
comparison for young solar-mass stars and their planetary systems. For higher-mass A-type
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Figure 1. Color-magnitude diagram of ∼1200 stars within the nearest 25 pc of the Sun,
with parallax errors ≤ 5% as measured from the Hipparcos satellite (van Leeuwen, 2007).
V-band and K-band magnitudes are drawn from the SIMBAD Astronomical Database
(Wenger et al., 2000). The range of spectral types is shown at the top of the figure,
corresponding to V −K color ranges from Pecaut et al. (2012).
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stars, recent surveys have shown an increased companion star frequency (∼69%, including
estimates from spectroscopic surveys) as well as a wider separation distribution (∼ 300 au)
of companions (De Rosa et al., 2014). However, by number, lower-mass M-dwarf stars
(0.08–0.6M) comprise the majority of the stellar population, constituting over 70% of the
stars in the solar neighborhood (Lépine and Gaidos, 2011; Henry et al., 2006a); the “solar
neighborhood” population of stars within 25 pc, as measured from Hipparcos parallaxes,
are shown in Figure 1. In spite of their large abundance, M-dwarfs have very low intrinsic
luminosities; the brightest apparent magnitiude of an M-dwarf as viewed from Earth is
AX Microscopii at V = 6.7, which is beyond the magnitude limit of the human eye. In
comparison to higher-mass solar type stars, the low luminosity of M-dwarfs has made
investigations of their population statistics challenging, even for the nearest systems. After
early initial efforts to measure binary properties for small samples of the brightest M-dwarfs
(27 systems, with a binary fraction of 37%; Worley, 1962), the seminal work of Fischer
and Marcy (1992) established the first large-scale multiplicity statistics for M-dwarfs, but
could not definitively show the multiplicity fraction to be different from that of higher-mass
solar-type stars. In Chapter 2, I will describe work to revisit the population statistics for
the nearest M-dwarfs using a volume-limited sample based upon Hipparcos parallaxes and
utilizing complementary direct imaging techniques.
1.1.1.2 Brown Dwarfs and Substellar Companions
Stellar binaries and multiple systems are more readily identifiable in those systems
for which the mass ratio (q = M1/M2) of the two components is close to unity and the
orbital separations are wide. In contrast, lower-mass companions have proven much more
challenging to detect. Below the end of the hydrogen-burning main sequence exists a
5
population of objects that are too low in mass to fuse hydrogen in their cores, known as
brown dwarfs (a term first used by Tarter, 1975). The unique prospects of stellar evolution
for objects with insufficient mass to provide the requisite temperatures and densities for
hydrogen fusion were first posited by Hayashi and Nakano (1963) and Kumar (1963). These
seminal results defined the lower limit to the mass of a main-sequence star at 0.07–0.09M,
dependent upon the object composition, luminosity, and interior structure, and showed that
the dominant force of gravitational contraction would lead to objects at this mass range
becoming completely composed of electron degenerate matter (i.e., where the lowest energy
levels are completely filled with electrons and exert pressure counteracting the gravitational
force, as opposed to typical gas pressures in higher-mass stars).
Due to their intrinsically low luminosities, the first tentative detections of brown dwarfs
did not occur until the late 1980’s, e.g., the Becklin and Zuckerman (1988) identification of
an unusually red object in orbit around the white dwarf GD 165. With some uncertainty
regarding the properties of initial detections, it was not until the advent of high-resolution
direct imaging that an unambiguous brown dwarf was found, discovered in 1995 as a
companion to a higher-mass star using adaptive optics (AO) imaging (Gliese 229; Nakajima
et al., 1995). Although prior studies in the early 1990’s of young star-forming regions had
revealed candidate brown dwarfs by targeting younger systems with higher luminosities,
the similar luminosities and temperatures of young high-mass brown dwarfs and young
low-mass stars proved difficult to distinguish (Magazzu et al., 1993). In contrast, by the
age of ∼1 Gyr, brown dwarfs will have cooled significantly in comparison to higher-mass
M-dwarfs with greater internal heat sources (Stevenson, 1991), and are thus easier to
distinguish, as in the case of Gliese 229. With significant detections of methane in its spectra
and an effective temperature of ∼1000 K (Oppenheimer et al., 1995), Gliese 229 presented
6
the first definitive bridge from the stellar companion population to the planetary companion
population.
With increased sensitivity for large surveys in the infrared, widefield searches for field
brown dwarfs have revealed thousands of brown dwarfs in the stellar neighborhood, allowing
for the establishment of a spectral sequence extending beyond the M-stars into what are
now known as L-type and T-type brown dwarfs (Kirkpatrick, 2005; Burgasser et al., 2006a).
Distinguished by the molecular features present in their optical and near-infrared (NIR)
spectra, the three main spectral classes of brown dwarfs represent a continuous cooling
sequence with decreasing luminosity, influencing the molecular species present in their
atmosphere. These spectral features are complicated by transitioning atmospheric clouds
between the L and T-type dwarfs; as the brown dwarf cools and various species condense,
the sinking of clouds due to gravitational settling leads to a clearing of the photosphere and
thus bluer infrared colors across the range of spectral types from L7-T4. As summarized
by Kirkpatrick (2005), the dominant species sculpting the optical spectra of these objects
include the alkali species and hydride bands for L-dwarfs; increasing water absorption
and weakening of hydrides through the L/T transition; and major sodium, potassium,
and water features in T-dwarf atmospheres. In contrast, the NIR spectra feature water,
iron hydride and CO for the L-dwarfs; and for the T-dwarfs, the signature appearance of
methane, strengthening water features, and eventually collision-induced molecular hydrogen
absorption (T-dwarfs are alternatively known as methane dwarfs, a feature the yielded
the first confirmations that substellar objects were indeed more Jovian than stellar). Even
beyond the latest T-dwarf, the discovery of yet cooler objects with the Widefield Infrared
Survey Explorer (WISE; Wright et al., 2010) by Cushing et al. (2011) corresponded to even
deeper methane and water bands, as well as a tentative detection of ammonia. More akin
to the atmosphere of Jupiter, these objects were given the classification of Y-dwarfs. A
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Figure 2. J vs. J-H near-infrared color-magnitude diagram of brown dwarfs drawn from the
compilation by Dupuy and Liu (2012). Magnitude values are within the Mauna Kea
Observatories filter system.
representative population of ultracool dwarfs drawn from the compilation by Dupuy and
Liu (2012) is provided in the near-infrared color-magnitude diagram in Figure 2, illustrating
the dramatic reversal in infrared color corresponding to the L/T transition and the limited
more recent population of Y-dwarfs.
1.1.1.3 Planetary Companions and Free-floating Objects
Extending even lower into the companion mass regime, the first tentative identification
of planetary mass companions to stars were put forth nearly contemporaneously to the
early detections of brown dwarfs, as searches for substellar companions revealed signatures
corresponding to both types of objects. Campbell et al. (1988) described radial velocity
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(RV) variations consistent with probing the high-mass end of the planetary mass spectrum
at 1–9MJup; of particular note, the RV variations they associated with the star Gamma
Cephei were later confirmed to be the signature of a planet with a minimum mass of
M sin i = 1.7MJup (Hatzes et al., 2003).
The subsequent two decades marked a dramatic increase in the extrasolar planet (exo-
planet) population throughout the 1990’s and 2000’s, both in terms of number and diversity
unlike anything known in the solar system: the unusual low-mass planets discovered via
monitoring of millisecond pulsars (Wolszczan and Frail, 1992); the first confirmed RV
detection of a Jupiter-mass body in close orbit to a solar-type star (Mayor and Queloz,
1995); the first planet discovered to transit its host star, similarly a giant planet in a close,
highly-irradiated orbit (Charbonneau et al., 2002); the first detection of a planetary gravita-
tional microlensing event (Bond et al., 2004); and the first directly-imaged planetary-mass
companions to a brown dwarf host (Chauvin et al., 2004) and later, a massive A-type
star (Marois et al., 2008). These first exoplanet discoveries increased in tandem with the
progression of brown dwarf detections; however, with the advent of the Kepler spacecraft
dedicated to the search for transiting planets (Borucki et al., 2010), the exoplanet detection
rate began to outpace the identification of nearby brown dwarfs 1.
For the detection techniques of RV and direct imaging, ambiguity may arise in differenti-
ating planets from brown dwarf companions. For RV studies, if the inclination of the orbit is
unknown, only a minimum mass can be estimated. For directly-imaged companions without
tight constraints on orbital motion, the estimated mass depends upon the evolutionary model
and therefore requires an accurate estimate of the stellar age. (If the orbital properties are
well constrained, e.g., from high resolution imaging, then independent estimates of system
13,499 confirmed exoplanets as of July 13, 2017; NASA Exoplanet Archive,
https://exoplanetarchive.ipac.caltech.edu/
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mass can be made; cf. Dupuy et al., 2009). In addition to limited detection rates and survey
sensitivity limits, these factors may complicate the extrapolation of companion frequencies
from survey statistics (cf. Cumming et al., 2008). Determining whether brown dwarfs and
giant planets represent a continuous, scaled-down formation mechanism or fundamentally
different regimes remains a key question in star and planet formation. Additionally, the
definition of the two populations remains a matter of debate; the deuterium burning limit
of 13MJup is often cited as a demarcation between the brown dwarf and planet population
(Burrows et al., 1997), although this delineation is complicated by the existence of isolated
brown dwarfs with masses below this limit and the minimal effect of deuterium burning on
long-term stellar evolution (Chabrier et al., 2007). Observed breaks in the substellar compan-
ion population at ∼25MJup have also been quoted as potentially separate formation regimes
between planets and brown dwarfs (e.g., Schneider et al., 2011). This is further complicated
by the existence of isolated, planetary-mass objects (also known as “free-floating planets”),
associated with young moving groups. These objects, while younger and hotter than the
field Y-dwarfs, and thus earlier in spectral type, have masses near or below the deuterium
burning limit, but lack a primary host star (e.g., systems such as PSO-318, WISE J1147, and
2MASS J1119; Liu et al., 2013; Schneider et al., 2016; Kellogg et al., 2016, , respectively).
In contrast, the older field Y-dwarf population is currently thought to range in age from
0.6−8.5 Gyr, with mass estimates from 3 to 20MJup (Leggett et al., 2017). As increasing
numbers of objects within these populations are discovered, further questions about their
formation origins arise, presenting intriguing populations for comparison with exoplanets
and higher-mass substellar companions.
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1.1.2 Companion Formation Mechanisms
1.1.2.1 Binary Stars
Although a complex process, canonical models of star formation have provided a holistic
picture of the single-star formation process at low stellar masses (e.g., Shu et al., 1987),
detailing the collapse of dense, self-gravitating cores (≥ 104cm−3) into protostars that
readily accrete surrounding material. To instead produce a binary or multiple star system,
the isolated system framework has given way to a number of competing binary formation
theories, including three main approaches as outlined in Tohline (2002): (1) Stars form
individually, then become bound later through a capture process; (2) During the collapse
phase, a turbulent core may fragment into pieces that ultimately orbit each other; or (3) A
gas cloud may condense stably at the core while the exterior disk is disrupted by high speed
accreting material, leading to the core itself and/or accreting disk becoming unstable and
breaking apart. While the capture scenario has been shown in N-body simulations to have
difficulty reproducing the observed population of binaries (e.g., Clarke, 1992), fragmentation
scenarios, either preceding or post-collapse, and whether core-driven or disk-driven, remain
favored (e.g., Goodwin et al., 2004; Stamatellos and Whitworth, 2009b). Precisely how the
fragmentation proceeds, and its dependence upon environmental factors (e.g., turbulence
and radiative feedback, and cloud/star/disk interactions; Offner et al., 2010; Bate et al.,
2002a) are thought to manifest themselves as dynamical imprints upon the resulting binary
population. These lead to observable population statistics (including orbital separation, mass
ratio of the components, and eccentricity distributions), further motivating the large-scale
study of stellar multiplicity at multiple stages during stellar lifetimes.
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1.1.2.2 Brown Dwarfs and Planets
The standard avenues of single star formation are predicated on the collapse of a core
with approximately one solar mass (c.f. Larson, 1999), and with the discoveries of brown
dwarfs, extending this model to a lower-mass regime naturally follows. As brown dwarfs
were discovered as companions to higher-mass stars, and then later found to exist as isolated
members of the field population, their existence in a range of environments provides useful
tests for formation theories, ranging from formation as individual objects (e.g., Bate et al.,
2002b) to within the disks of host stars (e.g., Stamatellos and Whitworth, 2009a). In general,
the formation mechanisms of brown dwarfs remain under debate, with various models
including fragmentation and collapse processes (on size scales ranging from molecular
clouds, to prestellar cores, to within the circumstellar disks of higher mass objects), ejection
of protostellar embryos, or photoevaporation processes within highly ionizing regions (see,
e.g., Whitworth et al., 2007). To distinguish between these scenarios, measurements of the
retained disk properties of brown dwarf systems, including disk mass and size, may provide
indications of the relevant formation channel (e.g., Ricci et al., 2014; Testi et al., 2016). In
Chapter 3, I discuss how measurements of protoplanetary disk mass inform the formation
potential of various types of companions.
The formation mechanisms of both terrestrial and giant planets are similarly under
ongoing debate, with two major theories at the forefront: core accretion (CA; Pollack et al.,
1996), and gravitational instability (GI; Boss, 1997). The CA model involves growth from
dust grains, to planetesimals, to planetary embryos on a sufficiently rapid timescale as to
accrete an atmosphere. In contrast, GI predicts a direct fragmentation of the disk, more
readily forming gas giant planets at wide orbits. Both models predict various outcomes
for the temperatures and luminosities of the resulting planets based on initial entropy
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(canonically, “cold-start” for CA and “hot-start” for GI models, e.g., see Mordasini et al.
(2012); however, warm start and hot start models have also been posited for core accretion,
Spiegel and Burrows (2012); Marleau and Cumming (2014)). Determining whether planets
are consistent with the hot/cold/warm start scenarios from atmospheric properties may
distinguish the dominant formation pathway for observed populations of planets. However,
formation of the giant planet population depends on whether disk dynamics can be favorable
for GI can occur (Rafikov, 2004), dependent upon cooling properties of the disk and
dynamical instability. This may lead to a minimum fragmentation mass that is instead closer
to the brown dwarf regime (Rafikov, 2005). Recently, methods to form “hot Jupiter” giant
planets in situ have also been put forth (e.g., Batygin et al., 2016) for certain regimes of CA.
The various pathways of planet formation within disks will be discussed in further detail in
the following section.
1.2 Circumstellar Disks
Circumstellar disks, often considered the signposts of planet formation, consist of
remnant material from primordial star formation processes and/or continued planetary
formation and evolution processes. Beginning at the early stages of star formation, many
stars begin their life cycles enshrouded by accreting material (Beckwith et al., 1990)
and continue through protoplanetary disk phases with rapidly-evolving disk dust and gas
components (Williams and Cieza, 2011), followed by gas dissipation and planetary impact
processes giving rise to the debris disk phase (Wyatt, 2008). Remnant material may persist
through the main sequence lifetime of the star, as analogous material to the asteroid belt
and zodiacal dust within the solar system (Absil et al., 2010), and even stellar remnants
such as white dwarfs have exhibited signatures of dusty circumstellar material via infrared
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excesses (Farihi, 2016). The dominant physical processes and observational signatures
change in relation to each of these stages in the stellar lifetime, and in this section, I will
focus primarily on the protoplanetary disk phase.
1.2.1 Disk Formation and Classification
From measurements of near-infrared excess, dusty signatures of circumstellar material
are known to be common for young (∼1 Myr) pre-main sequence stars (Strom et al., 1989).
As a natural process preserving angular momentum from core collapse, disk structure forms
early from the circumstellar envelope, serving as an efficient conduit for gas accretion
onto the protostar within ∼ 105 yr (Machida et al., 2010), allowing it to grow in mass
and transitioning to a regime of accretion from the circumstellar disk itself. The formal
classification of circumstellar disk stages is originally based upon the schema by Lada
(1987), establishing classes corresponding to the spectral energy distribution (SED) slopes
ranging from near-IR to mid-IR:
αIR =
d logνFν
d logν
. (1.1)
The resulting classifications, including additional classes and αIR ranges from Andre
et al. (1993) and Greene et al. (1994), are listed in order of decreasing envelope mass: Class
0 (most significant accretion phase from envelope), I (accretion mainly from disk, but some
remaining envelope contribution; αIR > 0.3), flat (0.3 < αIR < 0.3), II (disk-originated
accretion; −1.6 < αIR < −0.3), and III (gas clearing has occurred and accretion ceases;
αIR <−1.6). In this classification scheme, Classes 0 and I are considered “proto-stellar”
and Classes II and III are considered “pre-main sequence” (Alecian, 2013).
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1.2.2 Observational Approaches
The SEDs that result from combining multiwavelength observations provide the afore-
mentioned IR slope measurements that aid in disk classification, relying upon variations in
the radial temperature distribution of dust (Beckwith et al., 1990). The structure of a typical
circumstellar disk and its corresponding SED are shown in Figure 3, demonstrating the
various disk areas corresponding to emission at near/mid/far-IR and (sub)mm wavelengths.
However, degeneracies in disk geometry can lead to ambiguity in classification (Robitaille
et al., 2006). For protostellar sources, moving to submillimeter and millimeter wavelengths
beyond the IR provide the capacity to explore embedded disks on scales approximating the
disk sizes. By the Class II phase, the disk retains only a few percent of the stellar mass, with
continued physical processes of accretion, internal/external photoevaporation, grain growth,
and potentially companion dynamical interaction (Williams and Cieza, 2011), proving ideal
for mass estimation at long wavelengths.
To measure the mass corresponding to the dust content of the disk, (sub)millimeter
measurements provide an estimate of the thermal emission from cool, small dust grains. The
luminosity at these wavelengths is directly proportional to the mass of dust, disk-averaged
dust temperature, and emissivity of the grain species (Hildebrand, 1983; Beckwith and
Sargent, 1991). Adding these measurements to extend the SED coverage lends itself to more
complex interpretations of SED morphology and the corresponding disk geometries and
grain distributions (Andrews and Williams, 2007). Applying a suite of multi-wavelength
observations and analytical approaches, combined with radiative transfer modeling (e.g.,
with models like MCFOST, Hyperion, or RADMC3D; Pinte et al., 2006; Robitaille et al.,
2006; Dullemond et al., 2012) can provide a comprehensive view of disk structure, helping
describe the evolution of different grain species and furthering comparison with grain growth
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Figure 3. Schematic illustrating the contributing emission to the spectral energy distribution
(SED) for a circumstellar disk system (left). The corresponding physical regions within the
disk are shown on the right, showing how contributions from hotter or cooler dust
components relate to regions of varying optical depth and the disk flaring/geometry. Figure
used with permission of Joanna Bulger, with SED adaptation from Dullemond et al. (2007).
models (e.g., Dominik et al., 2007). Heterodyne observations can further complement these
studies: in addition to continuum observations of the dust content of disks, spectroscopy
in the (sub)millimeter regime can provide the capacity to measure gas abundances and
kinematics, e.g., using the abundant rotational modes of CO emission (e.g., Dutrey et al.,
1996; Ansdell et al., 2016) (although this estimate can be obfuscated when the emission lines
are optically thick). Far-IR measurements with facilities like Herschel have also provided
insights into the behavior of volatile species within disks, e.g., water distribution on dust
grains in systems like DM Tau (Bergin et al., 2010).
1.2.3 Previous Disk Studies in Nearby Star-forming Regions
By applying uniform observational methodologies to the estimation of disk properties, it
is possible to compare disk properties across star-forming regions of different ages, stellar
constituents (e.g., dominated by high-mass stars, such as in Orion), stellar density (e.g.,
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predominantly clustered or sparse), and stellar mass. A compilation of the nearest star-
forming regions and their respective stellar densities is shown in Figure 4, with stellar
density estimates aggregated from King et al. (2012a). Previous studies have explored a
variety of unique star-forming regions to obtain disk statistics, and of these, Taurus may
represent one of the best-studied environments of star formation. As a young (1-2 Myr)
region with close proximity (d ∼ 140pc; Kenyon et al., 1994; Torres et al., 2009), the stellar
membership of Taurus has been established to 99% completeness (Luhman et al., 2010).
With previous millimeter and submillimeter continuum observations of the stellar population
finding a nearly-linear disk mass to stellar mass relation (Andrews et al., 2013), Taurus
serves as an ideal study for the disk properties of its lowest-mass star and brown dwarf
population, as well as comparison with other star-forming regions (addressed in this thesis
in Chapter 3).
In comparison, studies of older associations such as Upper Scorpius (Upper Sco) at 5–10
Myr are demonstrating lower overall dust masses for similar classes of stars when compared
to younger regions. For the early evolutionary stage of “primordial” disks in Upper Sco,
Barenfeld et al. (2016) measured both decreased dust mass and a lower incidence of CO
gas detections (only 50% of disks with 12CO) for G-, K-, and M-type stars in comparison
to Taurus, although with a similar linear power-law slope in the disk mass vs. stellar mass
relation. In contrast, Ansdell et al. (2016) and Pascucci et al. (2016) both found steeper-
than-linear dust mass vs. stellar mass relations for the regions of Taurus and Lupus (with a
similar result for the Chamaeleon I region in the Pascucci et al. (2016) study), with an even
steeper relation for Upper Sco, suggesting stellar mass-dependent evolution of disks.
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Figure 4. Scatter plot of stellar density in stars per cubic parsec as a function of distance for
seven nearby star-forming regions. Taurus, with only 6 stars/pc3, and the Orion Nebula
Cluster, at over 4000 stars/pc3, represent extremes of our nearest star formation
environments. Data drawn from compilation by King et al. (2012a).
1.2.4 Disks and Binary Systems
As within star formation models, our understanding of disk evolution is based in large
part on the case of isolated stars. Given dynamical processing that occurs for high binary
fractions in cluster environments (Goodwin, 2010), and significantly higher binary fractions
during the pre-main sequence phase (e.g., a binary frequency in Taurus that is twice that of
comparable mass field stars; Duchêne and Kraus, 2013), the processes of disk evolution will
similarly undergo dynamical effects due to the presence of companions. Early millimeter
studies of continuum dust in disks by Dutrey et al. (1996) and Osterloh and Beckwith
(1995) showed a preference for higher dust masses around single stars than in multiple
systems by a factor of∼3. More recent observations of the millimeter dust content of Taurus
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multiple systems by Harris et al. (2012) demonstrated no significant dust mass difference
between single stars and widely-separated binaries, but instead found that close pairs may
have suppressed rates of giant planet formation owing to companion-driven dispersal of
planet-forming material.
From a modeling standpoint, stellar and substellar multiplicity play a key role in the
perturbation and evolution of disk material and dynamics (e.g., Haghighipour and Raymond,
2007; Rafikov and Silsbee, 2015). Interactions with a companion may manifest themselves
in a vast diversity of morphological features such as disk truncation (Artymowicz and
Lubow, 1994; Jang-Condell, 2015), dynamical stirring leading to enhanced planetesimal
eccentricities and inclinations (Quintana et al., 2007), warps induced by a companion with
a misaligned orbit (Dawson et al., 2011), offsets of the disk with respect to the central
star location (e.g., Kalas et al., 2005), brightness asymmetries (e.g., Wyatt et al., 1999), or
resonant clumps or trapped disk material shepherded by an orbiting body (e.g., Greaves et al.,
2005). Examples of systems for which such dynamical processes may be relevant include
recently observed binary systems wherein the disk semimajor axes are misaligned with
respect to one another (Jensen and Akeson, 2014). As the disks must be misaligned with the
binary orbital plane in these scenarios – consistent with a formation mechanism of turbulent
fragmentation – planetary orbits will almost certainly experience orbital perturbations due
to gravitational influence (i.e., Kozai-Lidov oscillations; Kozai, 1962; Lidov, 1962) driven
by the presence of a companion (Innanen et al., 1997).
Improved statistics of binary frequency and disk properties are lending new insights
into avenues of planet formation influenced by companion-disk interactions. With existing
and planned high-resolution facilities including extreme AO systems, the Atacama Large
Millimeter/submilillmeter Array (ALMA), and upcoming space missions such as the James
Webb Space Telescope (JWST), the ability to resolve disk structure and image faint com-
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panions will inform our understanding of planet formation and evolution in the complex
environments of multiple-star systems and low-mass systems.
1.3 Structure of this thesis
Chapter 2 of this work presents the results from the M-dwarfs in Multiples (MinMs)
Survey, a large-volume limited multiplicity survey of the nearest M-dwarf systems within
15 pc of the Sun. As a direct imaging survey, the MinMs work includes both wide-field
digitized archival plate scans to search for wide binary companions out to 10,000 au and
high-resolution AO imaging to search for companions with projected separations less
than ∼100 au. The results from this survey provide revised multiplicity statistics for M-
dwarfs with spectral types from K7–M6, including the multiplicity and companion star
fractions, separation distribution, and mass ratio distributions, in comparison with surveys
of more massive stars. In Chapter 3, I present results from the ongoing Taurus Boundary of
Stellar/Substellar (TBOSS) Survey, focusing on an ALMA 345 GHz/885 µm continuum
study of low-mass star and brown dwarf disks in the Taurus star-forming region. By
extending protoplanetary disk dust detections to lower central object masses, we compare
the disk dust mass properties of the lowest-mass stars and brown dwarfs with their higher-
mass counterparts in Taurus and with different star-forming regions to understand the impact
of age and environment on disk properties. Chapter 4 presents an analysis of the spectral
properties of a brown dwarf companion to the F5V star HD 206893 using the Gemini Planet
Imager. With the spectral abilities afforded by the use of an integral field spectrograph
at high angular resolution, we present the first H and K band spectra of the companion,
showing it to be distinctly redder than the known imaged companion population, and present
the results of model fits to the companion orbit and atmospheric properties. In Chapter 5, I
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synthesize these results in the context of star and planet formation research and the endeavor
to discover and characterize companions ranging from stars to the planet-mass regime.
21
Chapter 2
THE M-DWARFS IN MULTIPLES (MINMS) SURVEY - I. STELLAR MULTIPLICITY
AMONG LOW-MASS STARS WITHIN 15 PC
2.1 Introduction
Among the nearest stars, the large majority are M-dwarfs (e.g. Reid and Gizis, 1997),
with a recent accounting indicating that M-dwarfs outnumber higher mass stars by a factor
of ∼3 (Lépine and Gaidos, 2011). Ongoing parallax programs designed to survey the Solar
Neighborhood continue to discover additional nearby M-dwarfs, increasing the proportion
of the lowest mass members among the nearest stars (e.g. Henry et al., 2006a). The nearest
star-forming regions are also dominated by low-mass stars; for example, ∼50 per cent of
the known members of Taurus have spectral types later than M3, the spectral type that
will correspond to M0 and later after contraction onto the main sequence (Luhman et al.,
2010). The preponderance of the low-mass population of stars highlights the importance
of understanding their properties, including the statistics of their companions. As they
represent a common outcome of star formation, multiple star systems provide key signatures
of the physical processes which affect both star and planet formation.
One of the key scientific questions of star-formation is the universality of the process,
and the distribution of binary stars and the initial mass function (IMF) are among the main
observational products that can be used to investigate this area (King et al., 2012a). There is
no evidence that the IMF varies systematically between different environments (e.g. Luhman
et al., 2003a; Bastian et al., 2010), indicating that determinations of the IMF are unable to
probe the universality or diversity of star-formation. An alternate approach is the analysis of
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binary populations, since observed differences in binary populations in independent regions
suggest differences in the star-formation process (e.g. Goodwin, 2010; King et al., 2012a,b;
Parker and Meyer, 2014). A well-characterised field M-dwarf binary sample is essential for
comparison with the full membership of star-forming regions.
In addition to the importance for understanding the products and process of star-
formation, companion stars may critically impact planet formation and evolution. A
companion star is expected to gravitationally truncate a protoplanetary disk to a radius
of approximately one-third the binary star orbital semi-major axis (Artymowicz and Lubow,
1994), thereby limiting the amount of material and the region over which planet formation
can occur. Determining the population of companions with separations comparable to or
less than typical disk sizes of ∼100 au (Andrews et al., 2009) are particularly important in
considering dynamical effects on the disk, and nearby stars are ideal targets to probe the
disk-sized separation range with imaging.
Once planets form, the presence of even a distant companion can alter the dynamics of
a planetary system through the Kozai mechanism (Kozai, 1962; Lidov, 1962). There are
indications that some exoplanet systems have been impacted by this dynamical effect (e.g.
Wu and Murray, 2003), and simulations of early dynamical interactions in star-forming
regions have shown that the Kozai mechanism could be induced in up to 20 per cent of
field binaries (Parker and Goodwin, 2009), subsequently affecting a sizable fraction of
the exoplanet population. Determining the binarity of the field population and comparing
with primordial binary distributions are critical to determining the fraction of stable stellar
systems amenable to hosting planets, as demonstrated recently for G-dwarfs (Parker and
Quanz, 2013). As the population statistics of exoplanets around low-mass stellar hosts are
explored, an understanding of the stellar companions to M-dwarfs represents an important
comparison and environmental factor.
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Existing M-dwarf binary surveys have sample sizes or selection criteria that impact
the interpretation of the population statistics of the companions. The benchmark survey
of nearby M-dwarfs by Fischer and Marcy (1992) remains the only survey with complete
separation coverage by combining radial velocity, speckle, and direct imaging, however the
sample size is restricted to fewer than 65 stars per technique, resulting in large uncertainties
on the distributions of mass ratio and separations relative to surveys of more massive
primaries (e.g. Raghavan et al., 2010; De Rosa et al., 2014). While more recent M-dwarf
surveys include larger samples, the selection criteria include a mixed collection of distances
(often based on photometry) or activity indicators, and only the single technique of adaptive
optics (AO) or lucky imaging was employed, so the separation range coverage was limited
(Bergfors et al., 2010; Janson et al., 2012).
To develop comprehensive population statistics on the companions to a large-scale
volume-limited sample of nearby low-mass stars, we have conducted a binary survey of
245 K7-M6 dwarfs within 15 pc based on Hipparcos parallaxes. By combining archive and
new observations with high resolution and wide-field imaging, the study spans three and
a half orders of magnitude in separation. In Section 2, the definition and characteristics
of the M-dwarfs in Multiples (MINMS) sample are presented. In Section 3, the new and
archival observations are described. The data reduction and analysis method are explained
in Section 4. The results and discussion are explored in Section 5. Finally, Section 6 reports
a summary of the results.
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Figure 5. Colour-magnitude diagram of all 449 stars within 15 pc meeting our Hipparcos
parallax error (σpi/pi ≤ 10 per cent) and photometry criteria. The colour and magnitude
criteria used to select our sample of 245 M-dwarfs (V −KS ≥ 3.65, MV > 8) are shown
with dashed-dotted lines enclosing our sample space on the CMD. The stars are
colour-coded by spectral type, with the paucity of lowest-mass/reddest M-dwarfs at far
distances indicative of the sensitivity limit of the Hipparcos catalog. An example of the
typical errorbar size is shown in the upper right corner of the figure.
25
2.2 Sample
2.2.1 Sample selection
The MINMS sample is derived from the new reduction of the Hipparcos catalogue
(van Leeuwen, 2007). We selected all stars with parallaxes greater than pi ≥ 66.67 mas,
corresponding to stars located within a distance limit of D≤ 15 pc. In order to obtain precise
distances and absolute magnitudes, stars with parallax errors larger than σpi/pi ≥ 0.10 were
excluded from the sample. Johnson V -band magnitudes were obtained from the original
Hipparcos catalogue (Perryman et al., 1997), which comprises ground and space-based
photometry with uncertainties ≤ 0.08 mag, and KS-band magnitudes were obtained from
the Two Micron All Sky Survey (2MASS; Cutri et al., 2003), providing V −KS colours.
Stars with KS magnitudes with significant errors and/or poor quality flags (“X”, “U”,
or “F”) were excluded from the sample selection. We also excluded five stars identified
as companions to earlier spectral types, as given in the Washington Double Star catalogue
(WDS; Mason et al., 2001) and confirmed by common proper motion (see Section 2.4.3):
HIP83599, HIP26801, HIP42762, HIP45343/HIP120005. The parallax and photometric
quality criteria provided an all-sky, volume-limited sample of 449 stars of over a wide
range of spectral types, as shown in the colour-magnitude diagram (CMD) in Figure 5.
M-dwarfs were then selected from this sample by adopting a colour cut of V −KS > 3.65,
corresponding to spectral class M0 and later (Kenyon and Hartmann, 1995a). Additionally,
only stars with MV > 8 were included to remove any possibility of contamination from
evolved stars. The combined parallax, colour, and magnitude criteria define a total sample
of 245 K and M-dwarfs, of which over 95 per cent are M spectral types.
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Figure 6. The spectral type distribution of the 15 pc volume-limited 245 M-dwarf sample.
The sample has a higher proportion of early-type M-dwarfs, owing to the sensitivity limit of
the Hipparcos instrument. One star in the sample, HIP 117828, has an early spectral type of
“Ma” as classified by Houk et al. (1975) but lacks a more recent classification, and is not
included in this histogram.
2.2.2 Sample properties
The spectral type distribution of the sample is shown in Figure 6, with the majority
(94 per cent) of the sample spectral type classifications obtained from the Palomar/MSU
Nearby Star Spectroscopic Survey (PMSU, Reid et al., 1995; Hawley et al., 1996). The
spectral types of the remaining stars without PMSU classifications were obtained from the
SIMBAD database (individual references listed in Table 1). Uncertainties on the colours
and a spread in metallicity led to the inclusion of 12 K7 spectral types, as shown in Figure 7
(discussed in further detail in Section 2.5.2). Given the limiting magnitudes of the Hipparcos
catalogue of V = 12.4 (ESA, 1997b), the latest M spectral types were too faint to be detected,
leading to the larger frequency of early M-dwarfs in the sample. The distance distribution of
27
Figure 7. The distance distribution of the 15 pc volume-limited 245 star sample. The darker,
hatched portion of the histogram represents stars without new and/or archival adaptive
optics data. All of the K and M-dwarfs in our sample up to 11 pc (189 targets) have
high-resolution imaging data, covering projected separations of ∼ 1−100 au. Archival
digitised photographic plates were analysed for the entire sample (both darker and lighter
solid regions), covering projected separations of ∼ 100−10000 au.
the sample is shown in Figure 7. The mass of each primary was estimated from theoretical
mass-magnitude relations (Baraffe et al., 1998), with the resulting distribution shown in
Figure 8.
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Figure 8. The distribution of primary masses for the targets within the sample. The masses
were estimated by comparing the absolute KS magnitude of each target with theoretical
solar-metallicity mass magnitude relations by Baraffe et al. (1998).
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Table 1. The 245 K7-M6 dwarf sample within 15 pc
HIP α δ µα µδ V J H KS pi Dist. SpTy. [Fe/H] Ref.
(J2000.0) (J2000.0) (mas yr−1) (mas yr−1) (mag) (mag) (mag) (mag) (mas) (pc) (dex)
428 1.2954 45.7866 869.7 -151 9.95 6.70±0.02 6.10±0.02 5.85±0.02 88.9±1.4 11.3±0.2 M1 -0.01 2
439 1.3518 -37.3574 5634.4 -2336.4 8.56 5.33±0.02 4.83±0.08 4.52±0.02 230.4±0.9 4.3±0 M1.5 -0.45 1
1242 3.8730 -16.1336 -32.1 -149.7 11.49 7.22±0.02 6.71±0.03 6.39±0.02 200.5±9.4 5±0.2 M4
1475 4.5954 44.0229 2887.5 408.9 8.09 5.25±0.26 4.48±0.2 4.02±0.02 278.8±0.8 3.6±0 M3.5 -0.26 2
2552 8.1227 67.2356 1741.1 -246.8 10.27 6.84±0.02 6.27±0.02 6.04±0.02 99.4±2.2 10.1±0.2 M2 -0.28 3
3937 12.6385 24.8168 223.7 -40.9 12.01 7.95±0.02 7.35±0.02 7.12±0.02 84.4±4.7 11.9±0.7 M3.5
4569 14.6164 -27.8570 1293.4 -298.9 11.77 7.76±0.02 7.2±0.05 6.89±0.02 81±3.2 12.4±0.5 M3.5
4856 15.6343 71.6798 1745.3 -380.9 9.98 6.3±0.03 5.7±0.05 5.45±0.02 121.4±1.3 8.2±0.1 M3
4872 15.6620 62.3450 730.3 88.4 9.56 6.23±0.02 5.58±0.02 5.37±0.02 100.4±1.5 10±0.2 M1.5 0.15 2
5496 17.5954 -67.4449 386.3 580 9.8 6±0.02 5.41±0.03 5.13±0.02 122±2.4 8.2±0.2 M2.0
5643 18.1277 -16.9990 1210.1 647 12.1 7.26±0.02 6.75±0.03 6.42±0.02 271±8.4 3.7±0.1 M4.5 -0.38 1
8051 25.8341 4.3217 -422.2 -764.4 10.93 7.37±0.02 6.81±0.04 6.52±0.02 87.6±2 11.4±0.3 M2 -0.13 2
8768 28.2049 -22.4349 844.2 -0.6 8.89 6.06±0.02 5.41±0.03 5.18±0.02 90.9±1.2 11±0.1 K7
9291 29.8480 58.5211 322 -194.8 12.21 7.79±0.02 7.22±0.06 6.96±0.02 81.7±4.1 12.3±0.6 M4
9724 31.2702 -17.6146 1311.5 -174 10.19 6.54±0.02 5.9±0.02 5.66±0.02 109.4±1.9 9.1±0.2 M2.5
9786 31.4523 -30.1766 -527.8 100.1 12.15 8.37±0.02 7.87±0.04 7.56±0.02 107.8±2.9 9.3±0.3 M2.5
10279 33.0875 3.5756 -1761.5 -1852.3 10.04 6.83±0.02 6.32±0.03 6.08±0.02 96±1.7 10.4±0.2 M1.5 -0.32 1
10395 33.4734 -32.0412 758.9 -530.5 10.31 6.96±0.02 6.33±0.03 6.09±0.02 79.7±1.7 12.6±0.3 M1.5
10617 34.1717 -30.9885 687.2 247.5 12.02 7.99±0.03 7.32±0.03 7.13±0.02 69.8±3.1 14.3±0.6 M3.0
10812 34.7920 -36.7781 1394.1 550 11.59 7.92±0.03 7.32±0.06 7.03±0.02 71.1±3.2 14.1±0.6 M2.5
11048 35.5610 47.8800 216.6 40.2 9.4 6.38±0.02 5.77±0.04 5.55±0.03 83.8±1.1 11.9±0.2 M0.5 0.14 2
11964 38.5940 -43.7963 58.1 -287.4 8.89 5.8±0.02 5.13±0.03 4.89±0.02 86.2±0.8 11.6±0.1 M0.0
12097 38.9721 20.2199 250.1 -141.8 10.68 7.21±0.02 6.57±0.02 6.33±0.02 73.6±1.9 13.6±0.3 M2
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Table 1. continued.
HIP α δ µα µδ V J H KS pi Dist. SpTy. [Fe/H] Ref.
(J2000.0) (J2000.0) (mas yr−1) (mas yr−1) (mag) (mag) (mag) (mag) (mas) (pc) (dex)
12781 41.0646 25.5234 862.5 -360.7 10.55 6.75±0.02 6.2±0.02 5.96±0.02 133.2±2.3 7.5±0.1 M3 -0.1 2
13218 42.5405 -53.1390 -117.4 502.9 10.72 7.35±0.02 6.75±0.04 6.5±0.02 77.2±1.6 13±0.3 M1.5
13389 43.0924 -63.6798 979.1 630.6 11.36 7.67±0.02 7.12±0.03 6.83±0.02 85.9±2 11.7±0.3 M2.5
15220 49.0576 58.1673 445.6 -340.3 10.53 7.34±0.02 6.76±0.06 6.57±0.02 69.5±3.4 14.4±0.7 M2
15638 50.3408 79.9673 410.4 284.7 11.21 7.7±0.03 7.12±0.04 6.89±0.02 71.2±1.6 14±0.3 M2
16536 53.2327 -44.7020 -311.8 131.2 11.47 7.74±0.02 7.21±0.04 6.91±0.02 93.1±1.9 10.7±0.2 M2.5 -0.28 1
17609 56.5839 26.2155 387.2 -197.6 9.61 6.69±0.02 6.05±0.02 5.84±0.02 67.8±2.1 14.8±0.5 M0
19337 62.1558 33.6370 525 126.7 10.18 7.02±0.02 6.4±0.04 6.18±0.02 74.4±2.7 13.5±0.5 M0.5
19394 62.3153 -53.3737 1043.7 582 11.79 7.95±0.03 7.43±0.04 7.14±0.02 66.7±1.8 15±0.4 M3.5 0.07 1
21088 67.8054 58.9762 -4.7 2.6 10.82 6.62±0.02 6.01±0.02 5.72±0.02 179.3±3.2 5.6±0.1 M4 0.36 3
21556 69.4244 -11.0389 -225.1 -194.5 10.34 6.94±0.02 6.33±0.03 6.09±0.02 90.1±1.7 11.1±0.2 M1.5 -0.04 2
21932 70.7324 18.9582 656.9 -1117.3 9.95 6.46±0.02 5.82±0.03 5.61±0.03 107.8±2.9 9.3±0.3 M2 -0.01 1
22627 73.0239 6.4765 146.1 -310.1 11.94 7.81±0.02 7.21±0.05 6.94±0.02 81.4±4 12.3±0.6 M3.5 0.12 1
22738 73.3799 -55.8603 129.1 68.5 10.73 7.2±0.03 6.62±0.06 6.34±0.02 90±2 11.1±0.2 M2.0
22762 73.4582 -17.7734 408.4 -645.1 10.9 7.41±0.02 6.86±0.04 6.6±0.02 82.5±2.4 12.1±0.4 M2 -0.24 2
23452 75.6184 -21.2567 -153.4 -257.7 8.31 5.45±0.02 4.85±0.02 4.6±0.02 116.6±1.5 8.6±0.1 K7
23512 75.8337 -17.3736 -228.8 -444.5 11.71 7.82±0.02 7.24±0.03 6.94±0.02 108.6±2.7 9.2±0.2 M3 -0.19 1
23518 75.8496 53.1285 1304.2 -1537.6 9.96 7±0.02 6.41±0.03 6.17±0.02 73.4±2 13.6±0.4 M0.5
23932 77.1460 -18.1720 503.9 -1399.8 10.28 6.18±0.02 5.59±0.03 5.31±0.02 107.9±2.1 9.3±0.2 M3.5
24186 77.9191 -45.0184 6499.1 -5722.6 8.86 5.82±0.03 5.32±0.03 5.05±0.02 255.7±0.9 3.9±0 sdM1 -0.85 1
24284 78.1759 19.6657 278 241.2 10.82 7.3±0.02 6.7±0.04 6.47±0.02 81.4±4.1 12.3±0.6 M2 -0.09 2
25578 82.0006 9.6439 -194.1 -767.9 12.48 8.31±0.02 7.84±0.03 7.54±0.02 113.5±5 8.8±0.4 M3.5 -0.22 1
25878 82.8642 -3.6772 763.9 -2092.4 7.97 5±0.3 4.15±0.21 4.04±0.26 176.8±1.2 5.7±0 M1.5 0.19 1
25953 83.0611 9.8208 -177.9 -219.4 11.55 7.42±0.03 6.88±0.03 6.56±0.04 78.2±3.7 12.8±0.6 M3.5
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Table 1. continued.
HIP α δ µα µδ V J H KS pi Dist. SpTy. [Fe/H] Ref.
(J2000.0) (J2000.0) (mas yr−1) (mas yr−1) (mag) (mag) (mag) (mag) (mas) (pc) (dex)
26801 85.3781 53.4899 4.3 -512.2 9.78 6.59±0.02 5.96±0.02 5.76±0.02 80.4±1.7 12.4±0.3 M0.5 0.11 2
26857 85.5386 12.4893 1998.6 -1570.6 11.56 7.12±0.02 6.63±0.02 6.39±0.02 171.6±4 5.8±0.1 M4 -0.11 1
28035 88.9301 -26.8565 315 -10.5 10.7 7.18±0.03 6.48±0.02 6.29±0.02 68.6±2.2 14.6±0.5 M2.5Va
28368 89.9073 58.5930 12.3 -255.6 10.25 7.07±0.02 6.42±0.02 6.21±0.02 73.9±1.6 13.5±0.3 M0.5
29052 91.9322 -25.7449 -184.2 -204 11.87 8.02±0.03 7.5±0.06 7.17±0.02 88.1±2.5 11.4±0.3 M4b -0.15 2
29277 92.5827 82.1068 50.1 -1335.9 10.48 6.87±0.02 6.3±0.02 6.06±0.02 106.7±1.3 9.4±0.1 M2
29295 92.6442 -21.8646 -136.8 -706.1 8.15 5.1±0.04 4.39±0.25 4.17±0.23 173.8±1 5.8±0 M0.5 -0.03 1
29316 92.7283 10.3180 51.9 -941.2 10.41 6.8±0.02 6.31±0.04 6.03±0.02 91.7±3.5 10.9±0.4 M2.5
30920 97.3481 -2.8105 -53.4 4.6 11.12 6.38±0.02 5.75±0.03 5.49±0.02 242.3±3.1 4.1±0.1 M4.5 0.13 3
31292 98.4450 -75.6249 -328.1 272.1 11.41 7.41±0.03 6.85±0.03 6.56±0.02 115.2±10.6 8.7±0.8 M3Va -0.06 1
31293 98.4303 -75.6300 -299.4 283 10.35 6.73±0.02 6.15±0.03 5.86±0.02 110.9±2.3 9±0.2 M2Vc -0.05 1
31635 99.2950 17.5648 -765.4 338.1 9.63 6.67±0.02 6.03±0.02 5.86±0.02 102.6±1.7 9.8±0.2 K7 -0.34 2
31862 99.9068 -55.6097 -394.4 12.7 9.8 6.86±0.02 6.28±0.03 6.03±0.02 75.2±1.1 13.3±0.2 M0Vka
33142 103.5177 60.8718 518 -998.5 11.01 7.13±0.02 6.6±0.02 6.35±0.02 95.4±2.4 10.5±0.3 M3
33226 103.7040 33.2682 -728.7 -399.7 9.89 6.1±0.02 5.53±0.02 5.28±0.02 179±1.6 5.6±0.1 M3 0 2
33499 104.4470 -44.2848 263.2 109.2 10.81 6.88±0.02 6.37±0.04 6.06±0.02 124.9±2.1 8±0.1 M3.0
34115 106.1081 68.2888 345.7 53.7 11.95 8.17±0.03 7.59±0.03 7.27±0.02 67±2.7 14.9±0.6 M3
34603 107.5077 38.5295 -445.4 -943.3 11.65 6.73±0.03 6.15±0.05 5.85±0.02 158.9±3.4 6.3±0.1 M4.5 0.1 3
35191 109.0824 27.1425 -38.5 -194.5 10.83 7.01±0.03 6.44±0.03 6.19±0.02 83.1±2.8 12±0.4 M2.5
35353 109.5341 39.2748 -213 -114.4 10.3 7.21±0.02 6.59±0.03 6.37±0.02 69±2.1 14.5±0.4 M0
36208 111.8521 5.2258 571.6 -3693.6 9.84 5.71±0.03 5.22±0.06 4.86±0.02 263±1.4 3.8±0 M3.5 -0.01 1
36338 112.1893 -3.2982 435.6 -794.4 11.47 7.54±0.02 6.98±0.03 6.7±0.03 81.4±2.5 12.3±0.4 M3 -0.01 2
36626 112.9904 36.2194 -251.4 -250.6 10.52 6.77±0.02 6.18±0.02 5.93±0.02 84.3±3.5 11.9±0.5 M2.5
36627 112.9888 36.2298 -277.9 -259 11.82 7.57±0.02 6.99±0.02 6.76±0.02 83.5±4.1 12±0.6 M3.5
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Table 1. continued.
HIP α δ µα µδ V J H KS pi Dist. SpTy. [Fe/H] Ref.
(J2000.0) (J2000.0) (mas yr−1) (mas yr−1) (mag) (mag) (mag) (mag) (mas) (pc) (dex)
36834 113.6143 62.9415 -497.1 -104.7 10.4 7.34±0.03 6.78±0.02 6.56±0.02 87.2±2.3 11.5±0.3 M0.5 -0.37 2
36915 113.8411 54.8497 -120.2 18.5 11.36 7.77±0.02 7.22±0.03 6.96±0.02 78.1±2.7 12.8±0.4 M2
36985 114.0295 -3.1108 36.3 -253.5 9.87 6.79±0.03 6.16±0.04 5.93±0.02 70.6±1.6 14.2±0.3 M1.5Vd
37217 114.6707 -21.2246 454.2 -474.5 11.68 7.85±0.02 7.33±0.04 7.06±0.02 94.3±3.3 10.6±0.4 M3 -0.22 1
37288 114.8460 2.1837 -147.8 -246.7 9.66 6.77±0.03 6.09±0.04 5.87±0.02 68.6±1.5 14.6±0.3 K7
37766 116.1674 3.5525 -347.3 -448.8 11.19 6.58±0.02 6.01±0.04 5.7±0.02 167.9±2.3 6±0.1 M4.5 4 1
38082 117.0683 20.3681 1452.1 -988.3 11.46 8.12±0.02 7.61±0.02 7.4±0.02 67.7±2.7 14.8±0.6 M1
38956 119.5595 41.3018 -0.2 -6.7 12.02 7.73±0.02 7.13±0.03 6.88±0.03 116.1±3.7 8.6±0.3 M3.5 0.24 4
40501 124.0333 1.3026 -374.7 59.7 10.08 6.63±0.03 6.04±0.03 5.77±0.02 109.6±1.5 9.1±0.1 M2 -0.17 1
41824 127.9065 19.3912 -23.6 20.1 11.9 7.51±0.02 6.89±0.02 6.6±0.02 90.4±8.2 11.1±1 M3.5
42220 129.1061 67.2951 -1062.9 47.7 9.28 6.43±0.03 5.78±0.02 5.58±0.02 72.6±1.3 13.8±0.2 K7 -0.06 2
42762 130.7194 9.5497 1.2 -6.3 11.83 8.12±0.03 7.49±0.04 7.28±0.02 67±3.9 14.9±0.9 M2.5
44722 136.6890 -8.8068 -304.3 209.4 9.5 6.64±0.02 5.98±0.04 5.76±0.02 68.7±1.3 14.6±0.3 K7
45908 140.4067 -60.2820 -838.5 182 9.49 6.44±0.02 5.79±0.03 5.59±0.02 95.6±0.9 10.5±0.1 M0.0 -0.14 1
46655 142.6858 0.3227 -569.9 -552.2 11.71 7.7±0.02 7.18±0.03 6.87±0.02 103.5±3.9 9.7±0.4 M3.5 -0.09 1
46706 142.8309 -13.4887 730.3 23.1 10.06 6.36±0.02 5.76±0.03 5.51±0.02 99.9±3.6 10±0.4 M3
46769 142.9847 36.3202 -207.9 -524.7 10.19 7.12±0.02 6.57±0.06 6.3±0.02 71.9±1.8 13.9±0.4 M0 -0.2 2
47103 144.0068 -21.6608 137.8 -989.1 10.91 7.34±0.03 6.74±0.03 6.48±0.02 110.8±1.9 9±0.2 M2.5 -0.3 1
47425 144.9432 -41.0676 -526.6 356.4 10.72 6.9±0.03 6.32±0.05 6.06±0.02 105.6±1.6 9.5±0.2 M2.0 -0.01 1
47513 145.2932 13.2096 -660.7 -142.9 10.38 6.97±0.02 6.37±0.04 6.13±0.02 88.8±1.7 11.3±0.2 M1.5 -0.05 2
47620 145.6451 70.0339 -672.2 -268.3 10.56 6.92±0.02 6.33±0.02 6.08±0.02 81.4±1.8 12.3±0.3 M2
47650 145.7156 70.0394 -667.3 -268.5 11.19 7.33±0.02 6.73±0.02 6.47±0.02 88.1±2.4 11.4±0.3 M3
47741 145.9817 26.9690 -581.6 -100 12.08 8.04±0.03 7.46±0.02 7.19±0.02 71.3±4.5 14±0.9 M3.5
47780 146.1243 -45.7765 -464.2 -582.1 10.22 6.63±0.02 6.05±0.04 5.78±0.02 101.3±3.2 9.9±0.3 M1.0 -0.07 1
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Table 1. continued.
HIP α δ µα µδ V J H KS pi Dist. SpTy. [Fe/H] Ref.
(J2000.0) (J2000.0) (mas yr−1) (mas yr−1) (mag) (mag) (mag) (mag) (mas) (pc) (dex)
48336 147.7902 -12.3299 1140 -1457.5 10.04 6.99±0.02 6.4±0.04 6.15±0.03 72.9±1.8 13.7±0.3 M0.5
48659 148.8494 -27.2613 -103.7 -154.2 12.04 8.03±0.02 7.43±0.04 7.14±0.02 88.3±3.2 11.3±0.4 M3Va
48714 149.0361 62.7885 -304.5 -583.2 8.99 6.03±0.02 5.37±0.04 5.2±0.02 94.7±1.3 10.6±0.1 M0 0.11 2
49969 153.0195 -2.6847 511.4 -603.8 10.64 7.02±0.02 6.47±0.05 6.19±0.03 81.1±2.9 12.3±0.4 M2.5
49986 153.0736 -3.7457 -151.8 -243.8 9.26 5.89±0.02 5.26±0.02 5.02±0.02 127.1±1.9 7.9±0.1 M1.5 0.02 1
50341 154.1914 -11.9618 -420.1 -604.8 10.99 7.32±0.02 6.71±0.04 6.45±0.02 73.3±2.6 13.6±0.5 M3
51007 156.2952 -10.2287 -691.6 120.5 10.15 6.9±0.02 6.26±0.03 6.03±0.02 81±1.9 12.4±0.3 M1 -0.02 2
51317 157.2315 0.8410 -601.7 -733.9 9.65 6.18±0.02 5.61±0.03 5.31±0.02 141.5±2.2 7.1±0.1 M2 -0.2 1
52190 159.9348 -37.9205 192.2 -124 11.02 7.21±0.02 6.63±0.02 6.38±0.02 71.5±2.5 14±0.5 M2Vec
52596 161.3196 -30.8075 -28.9 -236.5 11.22 7.82±0.02 7.22±0.04 6.99±0.02 71.4±2.4 14±0.5 M1.5Va
53020 162.7143 6.8102 -3.4 -41.6 11.64 7.32±0.02 6.71±0.05 6.37±0.02 147.9±3.5 6.8±0.2 M4 0.03 1
53985 165.6598 21.9671 141.2 -51.2 9.57 6.52±0.02 5.9±0.02 5.69±0.02 85±1.1 11.8±0.2 M0
54035 165.8341 35.9699 -578.6 -4771.4 7.49 4.2±0.24 3.64±0.2 3.25±0.31 392.6±0.7 2.6±0 M2 -0.3 2
54211 166.3691 43.5268 -4417.9 943.3 8.82 5.54±0.02 5±0.02 4.77±0.02 206.3±1 4.9±0 M6 -0.32 2
54532 167.3806 -24.5986 -798 -445.5 10.44 6.95±0.02 6.36±0.04 6.1±0.02 93±1.7 10.8±0.2 M2 -0.1 1
55042 169.0009 -57.5477 -2464.8 1179.5 11.66 7.81±0.02 7.3±0.05 7.04±0.03 78.9±2.6 12.7±0.4 M3.5
55360 170.0201 65.8465 -2948 183.9 9.31 6.31±0.02 5.73±0.02 5.53±0.02 112.1±1 8.9±0.1 M0 -0.41 2
56157 172.6743 -8.0953 -354.8 262.5 11.98 8.03±0.02 7.46±0.03 7.15±0.02 75.8±4.2 13.2±0.7 M3Va
56244 172.9438 -41.0464 -715.8 171.5 11.55 7.37±0.03 6.77±0.04 6.51±0.03 96.6±2.4 10.4±0.3 M3.5
56528 173.8623 -32.5400 -71.3 -850.1 9.81 6.47±0.02 5.86±0.04 5.62±0.02 112.6±1.4 8.9±0.1 M1.5 -0.17 1
57050 175.4360 42.7520 -579.7 -89.6 11.86 7.61±0.02 7.07±0.02 6.82±0.02 90.1±2.8 11.1±0.3 M4 -0.04 2
57087 175.5462 26.7066 896.4 -813.7 10.67 6.9±0.02 6.32±0.02 6.07±0.02 98.6±2.3 10.1±0.2 M2.5 -0.03 1
57544 176.9224 78.6912 743.9 479.8 10.8 6.72±0.02 6.22±0.04 5.95±0.03 186.9±1.7 5.4±0.1 M3.5 -0.25 3
57548 176.9350 0.8046 605.6 -1219.2 11.12 6.51±0.02 5.95±0.02 5.65±0.02 298±2.3 3.4±0 M4 -0.17 1
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HIP α δ µα µδ V J H KS pi Dist. SpTy. [Fe/H] Ref.
(J2000.0) (J2000.0) (mas yr−1) (mas yr−1) (mag) (mag) (mag) (mag) (mas) (pc) (dex)
57802 177.7806 35.2720 -272 254.8 9.76 6.42±0.02 5.83±0.02 5.61±0.02 116.5±1.2 8.6±0.1 M1 -0.27 4
59406 182.7990 -19.9606 -227.3 -189.4 11.67 7.9±0.03 7.36±0.03 7.04±0.02 79.4±2.4 12.6±0.4 M3
60444 185.8884 67.1884 235.4 -106.7 11.19 7.6±0.02 7.09±0.02 6.81±0.02 77.5±3.2 12.9±0.5 M2.5
60559 186.2188 -18.2423 1096.2 -2304.9 11.28 7.73±0.02 7.25±0.02 6.95±0.02 113±2.5 8.9±0.2 M2 -0.62 1
60910 187.2495 8.4275 0.9 -35.5 11.99 7.84±0.04 7.2±0.05 6.96±0.03 75.9±4 13.2±0.7 M3.5
61094 187.8159 8.8106 -636.3 -521.2 9.74 6.78±0.03 6.09±0.03 5.89±0.02 73.3±1.3 13.7±0.2 K7
61629 189.4676 -52.0015 -1032.2 30.5 10.65 6.86±0.02 6.29±0.03 6.02±0.02 103.2±2.3 9.7±0.2 M2.0 0.01 1
61706 189.7185 11.6962 -1156.2 -244.9 11.49 7.58±0.02 6.94±0.04 6.69±0.04 69.6±2.8 14.4±0.6 M3
61874 190.1929 -43.5664 -782 693.5 12.24 8.22±0.03 7.7±0.04 7.41±0.02 128.5±3.9 7.8±0.2 M3.0 -0.48 1
62452 191.9859 9.7514 -1007.7 -461 11.39 7.2±0.03 6.67±0.05 6.36±0.02 119.5±2.7 8.4±0.2 M3.5 0.03 1
62556 192.2615 66.1102 -437.2 -104.7 10.94 6.88±0.02 6.3±0.05 6.07±0.02 97.9±1.8 10.2±0.2 M3
63510 195.1941 12.3757 -640.1 -25.1 9.76 6.44±0.02 5.79±0.02 5.58±0.02 85.5±1.5 11.7±0.2 M0.5 0.25 2
65011 199.8900 35.1102 386.7 -774.9 9.48 6.38±0.02 5.79±0.03 5.56±0.02 75.4±1.5 13.3±0.3 M0.5 -0.05 4
65026 199.9404 47.7780 152.9 -17.4 8.48 5.34±0.03 4.72±0.02 4.49±0.02 93.4±2.2 10.7±0.3 M0.5
65714 202.0879 -2.3603 153 -491.8 11.23 7.52±0.02 6.91±0.05 6.61±0.02 72±2.8 13.9±0.6 M3
65859 202.4991 10.3772 1127.5 -1074.2 9.05 5.9±0.02 5.3±0.03 5.04±0.03 130.6±1.1 7.7±0.1 M0.5 -0.16 1
66625 204.8504 46.1865 -43.6 390.5 10.24 7.05±0.02 6.51±0.04 6.28±0.02 76.9±1.6 13±0.3 M1
66906 205.6803 33.2901 -111.5 -706.7 12.03 7.79±0.02 7.21±0.02 6.98±0.02 107.8±3.2 9.3±0.3 M3.5 0.14 4
67155 206.4324 14.8915 1777.1 -1454.5 8.46 5.18±0.04 4.78±0.21 4.42±0.02 185.5±1.1 5.4±0 M1.5 -0.22 1
67164 206.4613 -17.9682 -311.6 -549.4 11.81 7.75±0.02 7.19±0.05 6.9±0.04 97.6±5 10.2±0.5 M3.5
68469 210.2633 -2.6549 -825 599 9.71 6.52±0.02 5.94±0.04 5.68±0.02 99.7±1.6 10±0.2 M1 -0.14 1
69454 213.3036 -56.7421 355.1 178.7 10.2 6.95±0.03 6.39±0.05 6.14±0.03 85.6±1.9 11.7±0.3 M2Ve
70475 216.2333 8.8876 546.3 158.2 12.23 8.42±0.03 7.8±0.04 7.59±0.03 70±4.9 14.3±1 M2.5 -0.15 4
70865 217.3737 15.5326 -1053.7 1301.4 10.67 7.23±0.02 6.61±0.03 6.39±0.02 71.4±2.1 14±0.4 M2
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HIP α δ µα µδ V J H KS pi Dist. SpTy. [Fe/H] Ref.
(J2000.0) (J2000.0) (mas yr−1) (mas yr−1) (mag) (mag) (mag) (mag) (mas) (pc) (dex)
70890 217.4289 -62.6795 159.2 -67.3 11.01 5.36±0.02 4.84±0.06 4.38±0.03 771.6±2.6 1.3±0 M5.5 0.16 1
70975 217.7548 -12.2961 -405.2 -400.2 11.92 7.8±0.03 7.26±0.05 6.96±0.02 92.4±3.9 10.8±0.5 M3.5
71253 218.5700 -12.5196 -357.5 595.1 11.32 6.84±0.02 6.26±0.04 5.94±0.03 165±3.3 6.1±0.1 M4 0.14 1
71898 220.5899 66.0558 -307.5 -33.9 10.88 7.31±0.02 6.73±0.03 6.49±0.02 93.2±1.3 10.7±0.2 M1.5
72896 223.4644 23.5558 -715.8 106.4 11.53 7.44±0.02 6.83±0.02 6.57±0.02 98.4±4.4 10.2±0.5 M3.5
72944 223.6218 16.1011 277.4 -132.3 10.11 6.63±0.02 5.99±0.02 5.77±0.02 103.6±1.7 9.7±0.2 M2 -0.06 1
73470 225.2315 45.4262 236.2 325.3 9.15 6.2±0.02 5.6±0.03 5.38±0.02 84.8±1.1 11.8±0.2 K7
74190 227.3983 3.1668 -601.1 482.5 11.46 7.72±0.02 7.13±0.03 6.86±0.02 69.2±2.6 14.5±0.5 M3
74995 229.8618 -7.7223 -1224.5 -99.5 10.57 6.71±0.03 6.1±0.03 5.84±0.02 160.9±2.6 6.2±0.1 M3 -0.2 1
75187 230.4705 20.9778 79.4 128.6 10.66 6.61±0.02 5.96±0.02 5.76±0.02 87.6±1.8 11.4±0.2 M1.5
76074 233.0539 -41.2756 -1175.9 -1029.6 9.31 5.65±0.02 5.03±0.02 4.76±0.02 168.7±1.3 5.9±0.1 M2.5 0.06 1
76832 235.3193 75.9928 808.2 -739.8 12.22 8.26±0.02 7.72±0.02 7.44±0.02 75.1±2.4 13.3±0.4 M3
76901 235.5293 -19.4708 20.3 -95.9 11.83 7.92±0.02 7.42±0.04 7.17±0.03 95.9±5.6 10.4±0.6 M3
78353 239.9724 -8.2532 203.5 -23.5 10.49 7.19±0.03 6.6±0.05 6.34±0.03 72±1.9 13.9±0.4 M1
79431 243.1741 -18.8755 24.8 -210.8 11.34 7.56±0.03 6.86±0.04 6.59±0.02 69.5±3.1 14.4±0.7 M3Va 0.46 3
79755 244.1781 67.2388 -494.6 84.4 8.61 5.78±0.02 5.14±0.03 4.95±0.02 93.6±1 10.7±0.1 K7
79762 244.1888 67.2562 -477.8 91.1 10.69 6.91±0.02 6.3±0.02 6.07±0.02 93.1±1.5 10.7±0.2 M3
80018 245.0146 -37.5290 -740.1 997.4 10.56 6.79±0.02 6.22±0.02 5.95±0.02 119.9±2.5 8.3±0.2 M2.0 -0.06 1
80346 246.0388 48.3529 1144.2 -450.8 10.27 6.64±0.02 6.14±0.02 5.92±0.02 124.1±1.2 8.1±0.1 M2.5
80459 246.3526 54.3041 432.6 -171.2 10.13 6.61±0.02 6.06±0.02 5.83±0.02 153.5±1 6.5±0 M1.5 -0.23 3
80824 247.5753 -12.6626 -91.3 -1185.8 10.1 5.95±0.02 5.37±0.04 5.08±0.02 233±1.6 4.3±0 M3.5 -0.02 1
82809 253.8554 -8.3269 -631.5 -90.8 11.73 7.56±0.02 7.06±0.06 6.72±0.02 148.9±4 6.7±0.2 M3.5 -0.26 1
82817 253.8699 -8.3364 -811.8 -890.5 9.02 5.27±0.04 4.78±0.02 4.4±0.04 161.4±5.6 6.2±0.2 M3 -0.39 3
83043 254.5369 25.7442 -113.3 -507.7 9.7 6.45±0.02 5.87±0.02 5.62±0.02 96.7±1.4 10.3±0.2 M1 -0.04 3
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HIP α δ µα µδ V J H KS pi Dist. SpTy. [Fe/H] Ref.
(J2000.0) (J2000.0) (mas yr−1) (mas yr−1) (mag) (mag) (mag) (mag) (mas) (pc) (dex)
83599 256.3033 -5.0959 -223.9 219.7 10.08 6.78±0.03 6.19±0.02 5.98±0.03 94.6±1.9 10.6±0.2 M2
83762 256.7812 21.5540 -465.7 -29.4 11.61 7.88±0.02 7.29±0.02 7.04±0.02 74.8±3.1 13.4±0.6 M3
83945 257.3815 43.6814 335.9 -284.8 11.77 7.38±0.02 6.76±0.02 6.49±0.02 134.3±2 7.5±0.1 M3.5 0.33 3
84051 257.7465 -52.5155 -250 158 10.05 6.87±0.02 6.23±0.02 6.03±0.02 80.2±1.8 12.5±0.3 M1Ve
84099 257.8948 38.4428 211.4 -46.1 11.54 7.63±0.02 7.04±0.02 6.8±0.02 83.3±2 12±0.3 M3.5
84140 258.0326 45.6661 249.8 -1572.6 9.31 5.55±0.03 5.07±0.02 4.83±0.02 167.3±5 6±0.2 M3.5 -0.31 3
84521 259.1707 8.0584 -280.7 -67.1 11.49 7.93±0.02 7.39±0.03 7.11±0.02 67.1±2.7 14.9±0.6 M2
84790 259.9696 41.7138 285.8 -823.4 11.37 7.71±0.02 7.13±0.02 6.92±0.02 80.8±1.7 12.4±0.3 M2.5
84794 259.9759 26.5009 -217.2 350.8 11.26 7.27±0.02 6.71±0.03 6.42±0.02 86.3±4.1 11.6±0.6 M3.5 0.28 4
85523 262.1664 -46.8952 573.8 -879.4 9.38 5.71±0.02 5.15±0.03 4.86±0.02 220.2±1.4 4.5±0 M2.5 -0.23 1
85665 262.5947 5.5485 29.4 -251.4 9.33 6.24±0.02 5.65±0.04 5.42±0.03 100.2±1.1 10±0.1 M0 -0.14 1
86057 263.8067 -48.6809 63.7 453.3 10.13 6.67±0.02 6.08±0.03 5.83±0.02 102.8±2.8 9.7±0.3 M1.5 -0.19 1
86087 263.8937 61.6816 263.3 -514.2 9.98 6.88±0.03 6.27±0.02 6.07±0.02 70.9±1 14.1±0.2 M0.5
86162 264.1080 68.3392 -318.9 -1267.2 9.15 5.34±0.02 4.77±0.03 4.55±0.02 220.8±0.9 4.5±0 M3 -0.09 3
86214 264.2653 -44.3192 -710.1 -938 10.94 6.54±0.02 5.92±0.04 5.61±0.02 196.9±2.2 5.1±0.1 M3.5 0.1 1
86287 264.4723 18.5917 926.9 982.7 9.62 6.36±0.02 5.79±0.02 5.57±0.02 123.7±1.6 8.1±0.1 M1 -0.35 1
86776 265.9832 43.3786 9.9 -602.5 10.49 6.81±0.02 6.22±0.02 5.96±0.02 105.5±1.2 9.5±0.1 M2.5
86990 266.6426 -57.3190 -1120.3 -1353 10.75 6.86±0.02 6.3±0.04 6.02±0.02 171.5±2.3 5.8±0.1 M2.0 -0.28 1
87937 269.4521 4.6934 -800.2 10328 9.54 5.24±0.02 4.83±0.03 4.52±0.02 548.3±1.5 1.8±0 M4 -0.51 1
87938 269.4623 46.5886 -17.7 575.7 11.79 7.85±0.02 7.25±0.02 7±0.02 71±1.9 14.1±0.4 M3
88574 271.2816 -3.0313 570.9 -333.4 9.37 6.16±0.02 5.57±0.04 5.31±0.02 128.9±1.4 7.8±0.1 M1 -0.27 1
91430 279.6865 -14.4906 113 -571 11.28 7.66±0.02 7.06±0.04 6.85±0.02 77.6±2.8 12.9±0.5 M2.5
91699 280.4960 31.8305 -303.3 8.6 11.27 7.52±0.02 6.98±0.02 6.72±0.02 87.4±2.7 11.5±0.4 M3
91768 280.6946 59.6304 -1313.2 1807.1 8.94 5.19±0.02 4.74±0.04 4.43±0.02 280.2±2.2 3.6±0 M3 -0.49 3
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HIP α δ µα µδ V J H KS pi Dist. SpTy. [Fe/H] Ref.
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91772 280.6956 59.6269 -1391.9 1838.6 8.94 5.72±0.02 5.2±0.02 5±0.02 280.2±2.2 3.6±0 M3
92403 282.4557 -23.8362 640 -192.7 10.37 6.22±0.02 5.66±0.03 5.37±0.02 336.7±2 3±0 M3.5 -0.4 1
92871 283.8642 8.4025 92.8 -70.9 10.1 6.31±0.02 5.68±0.02 5.43±0.02 84.9±1.7 11.8±0.2 M3
93069 284.3775 -55.9919 5 -468.8 8.86 5.87±0.02 5.25±0.06 5.03±0.03 81.4±2 12.3±0.3 M0.0
93101 284.5006 5.9081 -195.1 -1220.7 9.22 6.24±0.02 5.59±0.03 5.36±0.02 91.7±1.5 10.9±0.2 M0.5
93206 284.7811 -48.2745 149.8 -494.9 11.13 7.52±0.02 6.93±0.05 6.7±0.02 71±2.6 14.1±0.5 M2.0
93873 286.7732 20.8880 -473.7 -350.3 10.77 7.3±0.02 6.73±0.06 6.52±0.02 117.5±2.3 8.5±0.2 M1.5 -0.47 4
93899 286.8050 20.8770 -479.3 -333.4 10.76 7.28±0.02 6.75±0.05 6.52±0.02 114.3±2.3 8.8±0.2 M2
94349 288.0608 2.8873 -40.6 -11.4 11.09 7.09±0.02 6.57±0.02 6.29±0.02 97.8±3 10.2±0.3 M3.5
94761 289.2302 5.1689 -582.4 -1336.8 9.12 5.58±0.03 4.93±0.03 4.67±0.02 170.4±1 5.9±0 M2.5 0.05 1
97241 296.4573 32.3871 395.2 198.3 10.61 7.57±0.02 7.03±0.02 6.77±0.02 87±7.5 11.5±1 M1
97292 296.5999 32.0169 348.8 -277.5 9.74 6.88±0.03 6.22±0.02 6.04±0.02 73.5±1.8 13.6±0.3 M1
99150 301.9383 -31.7525 -498.5 -235.1 12.19 8.27±0.03 7.68±0.04 7.4±0.02 67.1±5 14.9±1.1 M3.0
99701 303.4725 -45.1640 778.1 -159.4 7.97 5.12±0.02 4.53±0.23 4.28±0.02 161.3±1 6.2±0 K7.0
100923 306.9235 -27.7477 -206.6 -882.6 11.41 7.71±0.02 7.08±0.03 6.86±0.03 67.4±3 14.8±0.7 M3
101180 307.6335 65.4496 443.7 283.7 10.54 6.74±0.02 6.14±0.05 5.93±0.02 125.1±1.1 8±0.1 M2.5 -0.09 2
102141 310.4632 -32.4352 261.3 -344.8 10.27 5.81±0.03 5.2±0.05 4.94±0.04 93.5±3.7 10.7±0.4 M4.5
102401 311.2671 44.4991 433.5 272 10.79 7.33±0.02 6.77±0.02 6.53±0.02 81.2±1.7 12.3±0.3 M1.5 -0.15 2
102409 311.2897 -31.3409 279.7 -360.3 8.81 5.44±0.02 4.83±0.02 4.53±0.02 100.9±1.1 9.9±0.1 M0.0
103039 313.1376 -16.9747 -306.7 30.8 11.41 7.09±0.02 6.52±0.04 6.2±0.02 175±3.4 5.7±0.1 M4Va -0.07 1
103096 313.3325 62.1544 1 -774.3 8.55 5.43±0.03 4.92±0.06 4.62±0.02 141.9±0.6 7.1±0 M0.5 -0.01 2
103441 314.3557 22.3627 771.5 -212.6 11.98 8.41±0.03 7.87±0.05 7.64±0.02 72.6±3.2 13.8±0.6 M2 -0.28 3
103800 315.4943 -6.3187 -229.2 -445.2 11.23 7.56±0.02 6.95±0.03 6.69±0.02 69.5±2.9 14.4±0.6 M3
103910 315.8081 -56.9634 -358 353.2 12.88 8.73±0.02 8.18±0.03 7.9±0.02 78.6±5.9 12.7±1 M3.0
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104432 317.3226 -13.3025 714.5 -1994.3 10.87 7.69±0.03 7.12±0.04 6.91±0.03 82.2±2.2 12.2±0.3 M1 -0.45 2
104644 317.9565 -43.6136 215.1 -689.5 11.98 8.48±0.02 7.92±0.04 7.67±0.02 67.6±3.7 14.8±0.8 M1.5
106106 322.4034 17.6433 1010 376.3 10.33 6.25±0.02 5.74±0.02 5.45±0.02 149.2±1.8 6.7±0.1 M3.5 -0.13 3
106255 322.8283 -9.7912 28.3 -218.1 11.96 7.32±0.02 6.7±0.03 6.38±0.02 120.5±6 8.3±0.4 M4.5
106440 323.3916 -49.0090 -46.2 -818 8.66 5.35±0.03 4.77±0.26 4.5±0.02 201.9±1 5±0 M1.5 -0.17 1
106811 324.5016 27.7238 462.9 -48.9 9.83 6.81±0.04 6.15±0.07 5.92±0.02 75.1±1.9 13.3±0.3 M0
108159 328.6888 -46.9927 -311.7 -365.6 11.99 8.39±0.03 7.82±0.03 7.58±0.02 68.3±3.8 14.6±0.8 M2.5
108569 329.8946 -59.7528 886.9 -125.9 9.74 6.61±0.02 5.99±0.02 5.76±0.02 83.4±1.8 12±0.3 M0.5
108706 330.3047 28.3069 372.1 36.5 11.99 7.64±0.03 7.04±0.03 6.78±0.02 112.3±3.1 8.9±0.2 M4 0.11 4
108782 330.5428 1.4002 -452.8 -278.5 9.17 6.2±0.02 5.56±0.05 5.32±0.02 97.6±1.5 10.2±0.2 M0 0.01 1
109388 332.4181 -4.6407 1135.9 -20.3 10.41 6.51±0.02 5.9±0.04 5.59±0.02 109.9±2.1 9.1±0.2 M3.5 0.22 1
109555 332.8754 18.4262 329.2 179.8 10.25 6.73±0.04 6.04±0.04 5.82±0.02 86.1±1.4 11.6±0.2 M2 0.26 2
109638 333.1498 8.5533 116 -661.5 11.99 8.28±0.02 7.68±0.02 7.47±0.03 66.8±4.4 15±1 M3
110893 336.9982 57.6959 -806.8 -399.1 9.59 5.58±0.03 5.04±0.03 4.78±0.03 249.9±1.9 4±0 M3 -0.08 2
111313 338.2593 9.3780 537.3 141.3 10.36 7.21±0.02 6.6±0.04 6.36±0.02 78.7±2.7 12.7±0.4 M1
111766 339.6239 -65.3785 817.5 -156.8 11.5 7.27±0.02 6.72±0.03 6.43±0.02 75.9±5.8 13.2±1 M3.5
111802 339.6899 -20.6211 447.7 -80.8 9.06 5.67±0.02 5.11±0.05 4.8±0.02 115±1.3 8.7±0.1 M1.5
112460 341.7072 44.3340 -709.6 -459.7 10.29 6.11±0.03 5.55±0.03 5.3±0.02 195.2±1.9 5.1±0.1 M3.5 -0.03 2
112774 342.5809 -7.0901 -105.5 103.8 9.86 6.93±0.02 6.32±0.03 6.1±0.02 70.8±1.9 14.1±0.4 K7
112909 342.9731 31.7542 524.8 -51.7 11.66 7.7±0.02 7.13±0.02 6.87±0.02 68.8±2.8 14.5±0.6 M3
113020 343.3197 -14.2637 960.1 -674 10.16 5.93±0.02 5.35±0.05 5.01±0.02 213.3±2.1 4.7±0.1 M4 0.14 1
113229 343.9396 -75.4587 -1027.5 -1061.4 10.42 6.62±0.02 6.08±0.03 5.81±0.02 116.1±1.2 8.6±0.1 M2.5 0 1
113296 344.1450 16.5534 -1033.3 -284 8.68 5.36±0.02 4.8±0.04 4.52±0.02 146.1±1 6.9±0.1 M1.5 0.03 1
114046 346.4668 -35.8531 6766.9 1328 7.35 4.34±0.26 3.61±0.23 3.47±0.2 305.3±0.7 3.3±0 M0.5 -0.24 1
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115332 350.4060 17.2904 -536.5 -1385.2 11.7 7.39±0.03 6.77±0.02 6.51±0.02 91±2.9 11±0.4 M4 0.23 1
115562 351.1271 57.8543 -62.2 -283.3 10.03 6.8±0.03 6.1±0.03 5.87±0.02 77.2±1.3 13±0.2 M1 0.24 2
116132 352.9674 19.9373 543.2 -44.6 10.05 6.16±0.02 5.58±0.02 5.33±0.02 161.8±1.7 6.2±0.1 M3.5 0.15 3
116317 353.5079 0.1794 -491.4 -661.8 11.16 7.66±0.02 7.07±0.03 6.83±0.02 71.5±3.3 14±0.6 M2.5
117473 357.3022 2.4012 994.2 -967.4 8.98 5.83±0.02 5.28±0.03 5.04±0.02 167.3±1.2 6±0 M1 -0.44 1
117828 358.4588 -75.6325 243.4 -378.3 9.99 6.45±0.02 5.78±0.02 5.55±0.03 100.1±1.1 10±0.1 Ma f 0.17 1
References (metallicities). – 1 Neves et al. (2014); 2 Gaidos and Mann (2014); 3 Rojas-Ayala et al. (2012); 4 Newton et al. (2014)
Spec. types for non-PMSU targets. – a Gray et al. (2006); b Browning et al. (2010); c Torres et al. (2006); d Poveda et al. (2009); e Koen et al. (2010); f Houk and Cowley (1975)
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2.3 Data Sources and Acquisition
The MINMS survey made use of new and archival AO observations and archival digi-
tised photographic plates to detect companions to M-dwarfs. The AO data provide the
capacity to search for companions at high angular resolution, while the plate data provide a
complementary widefield search space. Combined, the two detection techniques provide
nearly continuous angular separation coverage for companions from ∼0.1 arcsec to ∼10
arcmin. In this section, we describe the archival data origins and the newly-obtained AO
observations.
2.3.1 Archival high-resolution imaging data
To search for companions at projected separations of ∼ 1− 100 au from their host
stars, we queried all publicly-available high-resolution and adaptive optics (AO) archives.
Of the 245 star total sample, 181 stars had previous high-resolution AO imaging. We
obtained archival near-infrared AO imaging data from the following instruments/facilities:
NAOS-CONICA (NaCo: Nasmyth Adaptive Optics System Near-Infrared Imager and
Spectrograph, Lenzen et al. 2003; Rousset et al. 2003) on the Very Large Telescope (VLT);
the AOB/PUEO KIR camera (Doyon et al., 1998) on the Canada-France-Hawaii Telescope
(CFHT); and CIAO (Coronagraphic Imager; Murakawa et al., 2003, 2004), HiCIAO (High
Contrast Instrument for the Subaru Next Generation Adaptive Optics; Hodapp et al., 2008),
and IRCS (Infrared Camera and Spectropgrah; Tokunaga et al., 1998; Kobayashi et al.,
2000) on Subaru. Table 2 provides a summary of the telescopes and instruments used to
obtain the first epoch data. Archive AO data from three sources – CFHT, VLT, and Subaru –
combined with new AO images from MMT, covered 196 of the 245-star MINMS sample.
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Some of the targets have additional archive data, and the data used in this study were
selected based on the availability of unsaturated images, with preference given to the three
instruments that observed the largest number of targets in archives. Existing observations
and their corresponding calibration files were downloaded from the Canadian Astronomy
Data Centre, the European Southern Observatory Science Archive Facility, and the Subaru-
Mitaka-Okayama-Kiso Archive System. Detailed information on the observations, including
observation, filter, exposure time, date, programme ID and project PI for each target are
provided in Table 2.
Table 2. High-resolution imaging data
HIP Telescope Instrument Filter Exp. time Programme PI UT
(s) ID Date
428 CFHT PUEO/KIR Brγ 6 00BF25 Perrier-Bellet 2000-08-21
439 VLT NaCo/S13 NB1.64 8 072.C-0570(A) Beuzit 2003-12-08
1242 VLT NaCo/S13 NB1.64 0.7 072.C-0570(A) Beuzit 2003-12-10
1475 CFHT PUEO/KIR Fe II 0.5 99IID409 Ménard 1999-08-25
2552 CFHT PUEO/KIR Brγ 10 07AF12 Forveille 2007-01-28
3937 CFHT PUEO/KIR H 10 h8 Jewitt 2000-08-19
4856 CFHT PUEO/KIR H2(ν = 1−0) 4 03BD2 Forveille 2003-10-16
4872 CFHT PUEO/KIR Fe II 2 97IIF28 Beuzit 1997-12-27
5496 VLT NaCo/S13 H 5 382.D-0754(A) Bean 2008-10-17
5643 CFHT PUEO/KIR K 1 00BH12 Roddier 2000-12-12
8051 CFHT PUEO/KIR Fe II 3 97IIF28 Beuzit 1997-12-28
8768 CFHT PUEO/KIR Brγ 2 01BF50 Perrier-Bellet 2001-08-06
9291 CFHT PUEO/KIR Fe II 15 04BF8 Catala 2004-09-28
9724 VLT NaCo/S13 NB1.64 0.345 072.C-0570(A) Beuzit 2003-12-09
9786 VLT NaCo/S13 NB1.64 3.5 072.C-0570(A) Beuzit 2003-12-08
10279 CFHT PUEO/KIR Brγ 4 01BF50 Perrier-Bellet 2001-08-06
10395 CFHT PUEO/KIR Brγ 10 00BF25 Perrier-Bellet 2000-08-21
10617 VLT NaCo/S27 KS 0.6 077.C-0483(A) Melo 2006-07-28
10812 VLT NaCo/S54 NB2.12 0.9 381.C-0235(A) Kuerster 2008-07-04
11048 CFHT PUEO/KIR Brγ 2.5 01BD03 Forveille 2001-08-31
11964 VLT NaCo/S13 NB2.12 0.6 074.C-0074(A) Udry 2004-11-10
12097 Subaru IRCS K 3 o08184 Dello Russo/Vervack 2008-08-05
12781 CFHT PUEO/KIR H2(ν = 1−0) 8 03BD2 Forveille 2003-10-15
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Table 2. continued.
HIP Telescope Instrument Filter Exp. time Programme PI UT
(s) ID Date
13389 VLT NaCo/S13 NB1.64 1 072.C-0570(A) Beuzit 2003-12-09
16536 VLT NaCo/S13 NB1.64 4 073.C-0155(A) Beuzit 2004-09-23
17609 MMT ARIES KC 2.09 1.4 UAO-S10/S11 De Rosa/Ward-Duong 2013-09-18
21088 CFHT PUEO/KIR Brγ 4 F123 Perrier 2000-02-18
21556 CFHT PUEO/KIR H2(ν = 1−0) 4 02BE03 Forveille 2002-09-18
21932 VLT NaCo/S27 NB2.17 0.4 079.C-0216(A) Montagnier 2007-09-15
22627 VLT NaCo/S13 NB2.12 0.4 70.C-0777(D) Mundt 2003-01-23
22738 VLT NaCo/S13 NB1.64 3 073.C-0155(A) Beuzit 2004-09-23
23452 CFHT PUEO/KIR H2(ν = 1−0) 1.5 02BE03 Forveille 2002-09-18
23512 CFHT PUEO/KIR H2(ν = 1−0) 15 03BD2 Forveille 2003-10-15
23518 MMT ARIES KC 2.09 1.4 UAO-S10/S11 De Rosa/Ward-Duong 2013-09-18
23932 VLT NaCo/S27 KS 0.5 70.C-0738(A) Beuzit 2003-03-16
24186 VLT NaCo/S13 H 0.35 70.C-0738(A) Beuzit 2003-03-18
24284 Subaru CIAO H 10 o04203 Itoh 2004-11-20
25578 VLT NaCo/S27 KS 2 079.C-0216(A) Montagnier 2007-09-15
25878 CFHT PUEO/KIR Fe II 1 03BH10D Liu 2004-01-05
26857 CFHT PUEO/KIR Fe II 3 97IIF28 Beuzit 1997-12-29
28368 Subaru HiCIAO H 1.5 o11302 Bowler 2011-12-27
29052 VLT NaCo/S13 NB1.64 1.5 072.C-0570(A) Beuzit 2003-12-08
29277 CFHT PUEO/KIR Fe II 4 03AF26 Beuzit 2003-03-16
29295 CFHT PUEO/KIR H2 0.7 97IIF28 Beuzit 1997-12-29
29316 CFHT PUEO/KIR Brγ 10 03BD10 Forveille 2004-01-06
30920 VLT NaCo/S13 KS 2 077.C-0783(A) Forveille 2006-04-11
31292 VLT NaCo/S13 NB1.64 1.5 072.C-0570(A) Beuzit 2003-12-09
31293 VLT NaCo/S13 NB1.64 1.3 072.C-0570(A) Beuzit 2003-12-09
31635 VLT NaCo/S13 NB1.64 0.345 072.C-0570(A) Beuzit 2003-12-09
33142 CFHT PUEO/KIR Fe II 6 05AF19 Forveille 2005-04-26
33226 CFHT PUEO/KIR Fe II 1 97IIF28 Beuzit 1997-12-29
33499 VLT NaCo/S13 NB1.64 1 072.C-0570(A) Beuzit 2003-12-08
34603 CFHT PUEO/KIR Fe II 2 98IF58 Beuzit 1998-03-07
35191 VLT NaCo/S13 NB1.26 0.75 072.C-0570(A) Beuzit 2003-12-10
36208 VLT NaCo/S13 H 0.345 072.C-0570(A) Beuzit 2003-12-11
36626 CFHT PUEO/KIR Brγ 5 F58 Perrier-Bellet 2000-04-19
36627 CFHT PUEO/KIR Brγ 10 F58 Perrier-Bellet 2000-04-19
37217 VLT NaCo/S13 NB1.64 1 072.C-0570(A) Beuzit 2003-12-08
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Table 2. continued.
HIP Telescope Instrument Filter Exp. time Programme PI UT
(s) ID Date
37288 VLT NaCo/S13 NB1.64 1 70.C-0777(E) Mundt 2003-02-19
37766 VLT NaCo/S13 KS 2.7 077.C-0783(A) Forveille 2006-04-11
38956 CFHT PUEO/KIR H2 15 97IID06 Richer/Beuzit 1997-12-26
40501 VLT NaCo/S13 H 0.8 70.C-0738(A) Beuzit 2003-03-16
41824 CFHT PUEO/KIR Brγ 10 07AF12 Forveille 2007-01-29
45908 VLT NaCo/S13 NB1.64 0.5 072.C-0570(A) Beuzit 2003-12-09
46655 CFHT PUEO/KIR Fe II 2 03BH10D Liu 2004-01-06
46706 CFHT PUEO/KIR H2 2.5 04AD8 Forveille 2004-04-04
46769 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
47103 VLT NaCo/S13 H 8 079.C-0216(A) Montagnier 2007-04-10
47425 VLT NaCo/S13 NB1.26 1 70.C-0738(A) Beuzit 2003-03-17
47513 VLT NaCo/S13 NB1.64 0.5 072.C-0570(A) Beuzit 2003-12-10
47620 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
47780 VLT NaCo/S13 NB1.75 0.5 70.C-0738(A) Beuzit 2003-03-17
48659 VLT NaCo/S13 KS 0.5 60.A-9800(J) –a 2010-02-08
48714 CFHT PUEO/KIR H2 0.5 04AD8 Forveille 2004-04-04
49969 VLT NaCo/S13 NB2.12 0.4 70.C-0738(A) Beuzit 2003-03-18
49986 CFHT PUEO/KIR Jcont 1 F58 Perrier-Bellet 2000-04-18
51007 CFHT PUEO/KIR Fe II 2 03BH10D Liu 2004-01-06
51317 VLT NaCo/S54 NB2.17 0.3454 079.C-0216(A) Montagnier 2007-04-10
53020 VLT NaCo/S27 KS 0.5 079.C-0216(A) Montagnier 2007-05-06
53985 CFHT PUEO/KIR Brγ 3.5 F58 Perrier-Bellet 2000-04-19
54035 CFHT PUEO/KIR Fe II 0.2 H1A Roddier 2000-04-13
54211 CFHT PUEO/KIR K′ 0.1 00BH12 Roddier 2000-12-13
54532 CFHT PUEO/KIR H2(ν = 1−0) 10 05AF19 Forveille 2005-04-26
55360 CFHT PUEO/KIR Fe II 1.5 98IF58 Beuzit 1998-03-07
56244 VLT NaCo/S13 KS 0.347 074.C-0084(B) Neuha¨user 2005-01-07
56528 CFHT PUEO/KIR Fe II 2 99IF59 Perrier 1999-04-04
57050 CFHT PUEO/KIR H2(ν = 2−1) 15 05AF19 Forveille 2005-04-25
57087 VLT NaCo/L27 L′ 0.2 081.C-0430(A) Apai 2008-04-06
57544 CFHT PUEO/KIR H2 8 98IF58 Beuzit 1998-03-07
57548 CFHT PUEO/KIR Fe II 1 03BH10D Liu 2004-01-06
57802 CFHT PUEO/KIR Fe II 1.5 98IF58 Beuzit 1998-03-08
59406 VLT NaCo/S13 NB2.17 2 60.A-9800(J) – 2010-02-08
60559 CFHT PUEO/KIR Fe II 7 98IF58 Beuzit 1998-03-08
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Table 2. continued.
HIP Telescope Instrument Filter Exp. time Programme PI UT
(s) ID Date
60910 VLT NaCo/S13 KS 0.3454 080.C-0424(A) Vogt 2008-02-19
61094 VLT NaCo/S27 KS 0.347 077.D-0179(A) Neuha¨user 2006-04-22
61629 VLT NaCo/S27 NB2.17 0.4 077.C-0483(A) Melo 2006-04-29
61874 VLT NaCo/S13 NB1.64 3 70.C-0738(A) Beuzit 2003-03-14
62452 CFHT PUEO/KIR Fe II 2 03BH10D Liu 2004-01-06
62556 CFHT PUEO/KIR Fe II 5 03AF26 Beuzit 2003-03-17
63510 VLT NaCo/S13 KS 8 077.C-0783(A) Forveille 2006-05-23
65011 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
65026 CFHT PUEO/KIR H2(ν = 2−1) 8 05AF19 Forveille 2005-04-27
65859 CFHT PUEO/KIR H2 0.5 97IIF09 Bouvier 1998-01-14
66625 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
66906 CFHT PUEO/KIR Brγ 10 F123 Perrier 2000-02-19
67155 VLT NaCo/S13 KS 2 077.C-0783(A) Forveille 2006-05-23
67164 CFHT PUEO/KIR Brγ 15 03AF26 Beuzit 2003-03-21
68469 CFHT PUEO/KIR Brγ 3 F58 Perrier-Bellet 2000-04-20
69454 VLT NaCo/S13 NB1.64 1 70.C-0738(A) Beuzit 2003-03-14
70890 VLT NaCo/S13 H 1 075.C-0733(A) Beuzit 2005-05-01
70975 VLT NaCo/S13 KS 10 078.C-0441(A) Forveille 2007-02-23
71253 CFHT PUEO/KIR H2 10 98IF58 Beuzit 1998-03-08
71898 CFHT PUEO/KIR H2 8 02AF43 Beuzit 2002-06-24
72896 VLT NaCo/S13 KS 1.5 091.D-0804(A) De Rosa 2013-04-19
72944 VLT NaCo/S13 KS 0.5 076.C-0139(A) Bouy 2006-03-01
73470 CFHT PUEO/KIR H2(ν = 2−1) 8 05AF21 Beuzit 2005-04-25
74190 Subaru IRCS K 3 o06101 Imanishi 2006-07-20
74995 VLT NaCo/S27 KS 5 081.C-0600(A) Lagrange 2008-06-29
75187 CFHT PUEO/KIR Brγ 3 02BE03 Forveille 2002-09-18
76074 VLT NaCo/S13 NB1.64 0.35 075.C-0733(A) Beuzit 2005-05-02
76832 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
76901 CFHT PUEO/KIR Brγ 15 F58 Perrier-Bellet 2000-04-19
78353 Subaru CIAO K 30 o05104 Nakajima 2005-07-13
79755 CFHT PUEO/KIR Hcont 1 01AH25B Baudoz 2001-05-03
79762 CFHT PUEO/KIR Brγ 10 F58 Perrier-Bellet 2000-04-20
80018 VLT NaCo/S13 NB1.64 1 079.C-0216(A) Montagnier 2007-05-19
80346 CFHT PUEO/KIR Brγ 5 07AF12 Forveille 2007-01-29
80459 CFHT PUEO/KIR Jcont 1.5 01BF51 Gallant 2001-08-03
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Table 2. continued.
HIP Telescope Instrument Filter Exp. time Programme PI UT
(s) ID Date
80824 CFHT PUEO/KIR K′ 0.1 01AH25B Baudoz 2001-05-01
82809 VLT NaCo/S13 NB1.64 10 71.C-0388(A) Beuzit 2003-07-20
82817 VLT NaCo/S27 NB1.64 0.345 71.D-0465(A) Forveille 2003-05-29
83043 CFHT PUEO/KIR H2(ν = 1−0) 5 05AF19 Forveille 2005-04-26
83599 VLT NaCo/S13 NB1.64 0.5 71.C-0388(A) Beuzit 2003-07-19
83762 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
83945 CFHT PUEO/KIR Brγ 10 01AD01 Forveille 2001-07-07
84099 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
84140 CFHT PUEO/KIR H2(ν = 1−0) 6 04AD8 Forveille 2004-04-05
84790 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
85523 VLT NaCo/S27 KS 0.35 084.C-0443(A) Lagrange 2010-03-20
85665 CFHT PUEO/KIR H2(ν = 1−0) 15 05AF19 Forveille 2005-04-26
86057 VLT NaCo/S13 NB1.64 1.8 079.C-0216(A) Montagnier 2007-05-14
86087 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
86162 CFHT PUEO/KIR Brγ 1 01BF51 Gallant 2001-08-03
86214 VLT NaCo/S13 H 2.5 075.C-0733(A) Beuzit 2005-05-01
86287 CFHT PUEO/KIR Brγ 7 F58 Perrier-Bellet 2000-04-19
86776 CFHT PUEO/KIR H2(ν = 2−1) 5 02AF43 Beuzit 2002-07-23
86990 VLT NaCo/S13 NB1.64 1 71.C-0388(A) Beuzit 2003-07-19
87937 VLT NaCo/L27 L′ 0.2 081.C-0430(C) Apai 2008-07-03
87938 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
88574 CFHT PUEO/KIR Brγ 6 F58 Perrier-Bellet 2000-04-20
91699 CFHT PUEO/KIR H2(ν = 2−1) 10 05AF19 Forveille 2005-04-26
91768 CFHT PUEO/KIR H2(ν = 1−0) 0.5 09BC06 DeRosa 2009-09-01
91772 CFHT PUEO/KIR Brγ 1 01AH25B Baudoz 2001-05-04
92403 VLT NaCo/S27 IB2.18 0.3454 091.D-0804(A) De Rosa 2013-05-11
92871 CFHT PUEO/KIR H2(ν = 1−0) 3 05AF19 Forveille 2005-04-27
93101 CFHT PUEO/KIR Paβ 3 02BE03 Forveille 2002-09-18
93873 CFHT PUEO/KIR Brγ 5 00AD99 Forveille 2000-08-15
93899 CFHT PUEO/KIR K′ 10 00AD99 Forveille 2000-08-15
94349 VLT NaCo/S13 NB1.64 7 079.C-0216(A) Montagnier 2007-05-14
94761 CFHT PUEO/KIR Brγ 1.5 00BF25 Perrier-Bellet 2000-08-20
97241 CFHT PUEO/KIR Fe II 8 02BF27 Beuzit 2002-09-10
97292 MMT ARIES KC 2.09 1.4 UAO-S10/S11 De Rosa/Ward-Duong 2013-09-18
99150 VLT NaCo/S27 KS 4.7 077.C-0483(A) Melo 2006-06-09
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HIP Telescope Instrument Filter Exp. time Programme PI UT
(s) ID Date
99701 VLT NaCo/S13 NB1.64 10 71.C-0388(A) Beuzit 2003-07-19
101180 CFHT PUEO/KIR Brγ 4 00AD99 Forveille 2000-08-16
102141 VLT NaCo/S13 KS 5 083.C-0659(A) Patience 2009-06-01
102401 MMT ARIES KC 2.09 1.4 UAO-S10/S11 De Rosa/Ward-Duong 2013-09-18
102409 VLT NaCo/S13 KS 0.5 71.C-0029(A) Mundt 2003-07-21
103039 CFHT PUEO/KIR Brγ 4 01BF50 Perrier-Bellet 2001-08-06
103096 CFHT PUEO/KIR Brγ 1 00BF25 Perrier-Bellet 2000-08-21
103441 VLT NaCo/S13 NB1.64 0.9 71.C-0029(A) Mundt 2003-07-23
106106 CFHT PUEO/KIR Fe II 3 97IIF28 Beuzit 1997-12-28
106255 VLT NaCo/S13 NB1.64 1.5 075.C-0733(A) Beuzit 2005-05-02
106440 VLT NaCo/S27 KS 0.35 083.C-0599(A) Lagrange 2009-09-28
106811 Subaru CIAO K 5 o05136 Nakajima 2005-11-14
108159 VLT NaCo/S27 KS 2 60.A-9800(J) – 2008-10-23
108706 CFHT PUEO/KIR Paβ 10 02BF27 Beuzit 2002-09-10
108782 CFHT PUEO/KIR Brγ 3 01BD02 – 2001-08-07
109388 VLT NaCo/S27 KS 0.5 083.C-0151(A) Lagrange 2009-08-27
109555 CFHT PUEO/KIR Fe II 3 97IIF28 Beuzit 1997-12-28
110893 CFHT PUEO/KIR Brγ 2 01BF50 Perrier-Bellet 2001-08-04
111313 Subaru CIAO K 10 o05104 Nakajima 2005-07-09
111766 VLT NaCo/S27 KS 0.7 077.C-0483(A) Melo 2006-05-26
111802 VLT NaCo/S13 NB2.12 0.5 075.C-0112(A) Udry 2005-07-08
112460 CFHT PUEO/KIR Fe II 1.6 97IIF28 Beuzit 1997-12-28
112774 Subaru CIAO K 5 o04104 Nakajima 2004-09-01
112909 MMT ARIES KC 2.09 1.4 UAO-S10/S11 De Rosa/Ward-Duong 2013-09-18
113020 CFHT PUEO/KIR Brγ 3 01BF50 Perrier-Bellet 2001-08-04
113229 VLT NaCo/S13 NB1.64 0.345 072.C-0570(A) Beuzit 2003-12-08
113296 CFHT PUEO/KIR Brγ 1 00AD99 Forveille 2000-08-15
114046 VLT NaCo/S13 NB1.64 3.5 072.C-0570(A) Beuzit 2003-12-09
115332 VLT NaCo/S13 NB1.64 1 073.C-0124(A) Udry 2004-06-23
115562 MMT ARIES KC 2.09 1.4 UAO-S2 De Rosa 2013-05-24
116132 CFHT PUEO/KIR Brγ 2 00BF25 Perrier-Bellet 2000-08-21
117473 CFHT PUEO/KIR Fe II 2 98IIF65 Perrier 1998-09-07
117828 VLT NaCo/S13 NB1.64 0.345 072.C-0570(A) Beuzit 2003-12-08
a Observatory technical time.
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Table 3. Adaptive optics observations summary
Telescope Instrument 1st 2nd Filters Pixel Scale Unique
Epoch Epoch (bandpass) (mas px−1) Programmes
CFHT AOBIR 94 23 JHK 38 34
VLT NaCo 79 24 JHKL′ 13, 27, 54 31
MMT ARIES 16 10 K 20, 40 2
Subaru CIAO 5 0 HK 22 4
Subaru HiCIAO 1 0 H 10 1
Subaru IRCS 2 0 K 21 2
2.3.2 New AO observations
In addition to the existing archival observations of the sample, 32 dedicated observations
– 16 new first-epoch imaging, and 16 follow-up second epoch imaging – were obtained.
New and follow-up observations for 26 stars were taken in March, May, and September of
2013 using the Arizona Infrared imager and Echelle Spectrograph (ARIES; McCarthy et al.,
1998) at the MMT Observatory. We also obtained second-epoch confirmation imaging for
an additional 6 southern targets in our sample from March 2013 through September 2013
with VLT/NaCo (programme ID: 091.D-0804). The details of these observations are listed
in Table 3. When possible, follow-up second-epoch images were obtained with similar
configurations as the discovery epochs. New observations of targets from the MINMS
sample were taken in the KS filter, as the majority of the existing archival observations
(64 per cent) were taken in KS band.
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2.3.3 Archival photographic plates
In order to extend the AO imaging survey with a wider search for companions at
separations from ∼ 100− 10,000 au, we used the SuperCOSMOS Sky Survey Science
Archive (Hambly et al., 2001) to obtain scans of plates from the UK Schmidt (UKST), ESO
Schmidt, and Palomar Oschin Schmidt (POSS) sky surveys for the full 245-star sample. The
archival plates provide multiple epochs of observation for each target, taken with the BV RI
filters at a pixel scale of 0.67 arcsec px−1. With time baselines spanning from 10 to 50 years
between the initial and final epochs, and the extremely high proper motions of the targets in
our sample (sample median proper motion of 0.63 arcsec yr−1), it is possible to search for
common proper motion pairs. Mosaics of the plates were made to provide a search radius
around each M-dwarf, and the mosaic dimensions correspond to a projected separation of
10,000 au from each primary star.
2.4 Data Reduction and Analysis
2.4.1 Adaptive optics data
2.4.1.1 Image reduction
For all AO datasets, standardised data reduction techniques of dark subtraction, bad
pixel rejection, flat fielding, and sky subtraction were applied. Unsaturated science frames
were aligned by fitting a Gaussian to the point spread function (PSF) of the primary in
each image to determine the centroid and align on the peak of that fit. After alignment, the
individual frames were median combined to form a final reduced science image for each of
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Figure 9. Four of the companions identified or recovered within this study. (top left) A
CFHT/AOBIR image of the hierarchical quadruple system HIP 41824 (CU Cnc), originally
discovered by Beuzit et al. (2004), which consists of four M-dwarfs in an ε Lyr-like
configuration (e.g. Tokovinin 2008). (top right) A CFHT/AOBIR image of the HIP 110893
binary system. The measured separation and position angle is consistent with the orbital fit
given in Heintz (1986), which is over-plotted (white dashed curve). (bottom left) An
MMT/ARIES image of the newly-discovered binary companion to HIP 23518. With an
estimated mass of 0.08 M, HIP 23518 B is at the canonical stellar/substellar boundary.
(bottom right) A photographic plate from the Palomar telescope, obtained from the
SuperCOSMOS Sky Survey, showing the two components of the wide HIP 36626 (VV Lyn)
binary system (Worley 1962).
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the 196 M-dwarfs with new or archival AO imaging. The typical combined integration time
for a given target was ∼60 seconds, with individual exposure times ranging from 0.3−15
seconds.
2.4.1.2 Sensitivity and completeness estimation
Given the heterogeneous origins of the AO datasets, the contrast limits of the obser-
vations differ between targets. To assess the sensitivity of the full sample to detecting
companions over a range of separations, we generated contrast curves for each target. The
ensemble of contrast values was used to estimate the completeness of the study. For each
reduced, combined science image, the contrast as a function of separation was measured by
first determining the standard deviation of the background level within a five pixel annulus
over a range of separations from the primary star, and then calculating the corresponding
magnitude difference between the peak value of the primary star PSF and 3σ over the
background, as tabulated in Table 22 (Appendix). The maximum angular separation at
which a companion could be detected in the image was considered to be the limit where
95 per cent of the pixels within that radius were within the boundaries of the image field of
view.
2.4.1.3 Companion detection, photometry and mass estimates
For each K7-M6 dwarf, the reduced, combined image was carefully visually inspected for
candidate stellar companions. Previous comparisons with automated detection procedures
have verified the reliability of visual inspection (Metchev and Hillenbrand, 2009), and we
repeated the inspection multiple times for each target on both individual and combined
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frames. Examples of detected companions are shown in Figure 9. After identification, the
fluxes of the candidates and their host stars were measured using aperture photometry in
IDL. An aperture with radius 2.5 times the average full width at half maximum (FWHM)
was chosen in order to measure the total flux associated with the star or candidate in question,
with the sky contribution subtracted by defining an annulus of radius 3-9 times the FWHM
outside of this aperture. Measurement of the flux ratio between the primary and companion
allowed us to derive the magnitude difference of the two objects; any stars unresolved in
the 2MASS photometry (with ∆m < 4 and ρ < 10 arcsec) were corrected for the individual
contributions from each of the stellar components (De Rosa et al., 2011). The centroids
of the primary target and candidate companion were found with a Gaussian fit, providing
an accurate measurement of the pixel separation between the pair of objects. This was
converted to an angular separation between the objects using the known pixel scales of
the instruments, given in Table 3. We converted angular separation using the Hipparcos
parallax-based distance measurements into projected separation in au.
To determine the masses of stellar components in a system, we utilised the low-mass,
solar-metallicity evolutionary models of Baraffe et al. (1998), assuming a standard field
star age of 5 Gyr. Using the absolute magnitudes of the primaries, these models were also
applied to the sensitivity curves calculated in Section 2.4.1.2 to determine the completeness
of the AO imaging in terms of detectable companion mass.
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2.4.2 Archival plate analysis
2.4.2.1 Companion detection algorithm
Detection of co-moving companion candidates within the mosaiced plates was performed
by measuring all objects within the plates using Source Extractor (Bertin and Arnouts, 1996).
With these parameters, we derived the proper motion for each object with respect to the
stationary background stars in the field. An object was considered a common proper motion
(CPM) candidate if its measured proper motion with respect to the background field stars
was within 5σ of the Hipparcos-measured proper motion of the primary. These candidates
were then visually inspected by blinking the plates from different epochs to eliminate false
positives, such as artefacts from the plate scanning process. As noted in Section 2.2, any
stars within our Hipparcos-selected sample which were themselves companions to earlier
spectral types were excluded from our analysis and statistics.
2.4.2.2 Sensitivity and completeness estimation
To determine the sensitivity of the plate images, we calculated radial contrast curves
using the same method applied to the AO data, starting at an annulus of five pixels from
the centroid position of the primary. The B-band images were chosen for the sensitivity
estimates as they provided the highest resolution and minimal saturation of the primary.
The depth of the plates provided many faint unassociated objects within the field, and
the catalogued magnitudes of these unassociated objects corresponded to magnitudes far
below the substellar limit for associated objects. Given the depth of the plates, any stellar
companions were readily identified by visual inspection. To determine the minimum
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detection separation for a stellar companion at the bottom of the main sequence, the expected
B-band magnitude of a 0.08 M star was estimated from models, and the corresponding
level of pixel counts in the plate was determined by matching to a star in the PPMXL
catalogue (Roeser et al., 2010) with the same apparent magnitude.
2.4.2.3 Photometry and mass estimates
For each comoving companion identified within the plate images, angular separations and
magnitude differences from the primary M-dwarfs were derived from the 2MASS catalogue
astrometry and KS-band photometry. As in the AO data analysis, the magnitude differences
between the components were converted into component masses using 5 Gyr isochrones
(Baraffe et al., 1998). The identified CPM companions were then cross-referenced against
binary component identifications in the Washington Double Star catalogue (WDS; Mason
et al., 2001). Detected companions were also cross-checked against known catalogues
of white dwarf/M-dwarf pairs (Silvestri et al. 2001) and white dwarf catalogues (Mc-
Cook & Sion, 1999) to remove any contamination from systems with known higher-mass
companions.
2.4.3 Astrometric confirmation
To confirm or reject detected AO and plate CPM candidates, we compared the second-
epoch positions with the motion of a background object. The expected motion of a back-
ground object was calculated using the Hipparcos proper motion and parallax of the primary.
In each case, the representative errors in the expected motion of a background object were
determined from the first epoch measured uncertainties in position angle and separation.
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Figure 10. Proper motion diagram showing the change in separation (left panel) and
position angle (right panel) between the two components of the HIP 110893 binary system.
In both diagrams the measurements presented within this study are denoted by large white
stars, with the measurements obtained from the WDS catalogue plotted as small circles
(Mason et al. 2001). The dashed horizontal lines denote the upper and lower bounds of the
separation and position angle measurement within the first epoch. The expected motion of a
stationary background object, given the proper motion and parallax of the M3 dwarf target,
is enclosed by the solid black lines. Given the maximal change in separation and position
angle for circular orbits, indicative ranges of allowed separations and position angles are
denoted by the red shaded region.
Due to the range of projected separations probed, any resolved companion within the AO
images can have measurable orbital motion over the time baseline between the two epochs
of observations. In order to estimate a range of possible orbital motions, two scenarios
are considered: a face-on, or edge-on circular orbit. For the representative change in the
position angle, a face-on circular orbit is used with a semi-major axis equal to the observed
projected separation. The period of the orbit is then derived from Kepler’s third law, using
the masses of the two components given in Table 5, from which the change in the position
angle is calculated.
In order to estimate the expected change in the separation for a bound component, an
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Figure 11. Proper motion diagram for the newly-discovered bound companion
HIP 23518 B, identified within MMT/ARIES images presented within this study. Symbols,
curves, and shading are as with the previous figure.
Figure 12. Proper motion diagram for the bound companion HIP 36626 B (VV Lyn B)
identified within the photographic plates. Symbols, curves, and shading are as with the
previous figure.
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Figure 13. Proper motion diagram for a background object within the vicinity of HIP 23452
identified within the photographic plates. Symbols, curves, and shading are as with the
previous figure.
edge-on circular orbit is used. As the projected separation does not correspond to a unique
value of the semi-major axis (a), and the rate of change of the separation depends on both a
and the location of the companion within the orbit (characterised by the true anomaly, ν),
a large number of orbits were simulated. For a given projected separation (aproj), the four
unique values of ν are calculated as
ν =±cos−1
±
√
a2proj
a2
 . (2.1)
The limiting case for an edge-on circular orbit is when a= aproj, with ν becoming undefined
when a < aproj. For a given value of a, the four values of the true anomaly were increased
from ν to ν+2pi over the period determined from Kepler’s third law using the masses for
each component given in Table 5. The projected separation at each time step was then
calculated as
aproj = a|cos(ν) |. (2.2)
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As the maximal change in the projected separation as a function of time depends on the true
semi-major axis, 10,000 simulations were run where the value of a was increased from aproj
until the maximum value of daproj/dt was reached (typically between a = 2− 3× aproj).
These two representative bounds for the change in projected separation and position angle
for a bound companion are shown for four examples given in Figure 10, 11, 12, 13, and are
shown for all companions which are detected in at least two epochs in Figure 56 (Appendix).
The motion of the candidate companion was compared with the expected motion for a
background source, and checked for consistency with the expected change for a bound
component, within the uncertainties on position angle and separation available from the
second epoch measurement. For the the large majority of the historic WDS measurements,
no uncertainties are available for additional epochs.
For three of the targets with companions detected at close angular separations (ρ .
0.2 arcsec) – HIP 36208, HIP 86214, and HIP 114046 – the candidate is not detected within
the second epoch. Given the proper motion of the primary, a background object should
have been visible in the field in each of these cases. The lack of detection of the companion
in the vicinity of the expected location of a background object is used as evidence for the
bound nature of the companion, and they are therefore considered bound for the purposes
of this study. Continued monitoring of these targets would be required in order to confirm
the physical association of these companion by imaging the companion as it passes through
apastron.
2.4.3.1 Assessment of binary sample contamination
We performed two analyses to determine the likelihood of background interlopers
contaminating the binary sample. We first determined the background point source density
58
for each of the stars in our sample from the 2MASS catalogue by selecting targets within a
10,000 au radius and within the KS-band magnitude limits for potential stellar companions,
i.e., fainter than the primary star but brighter than the KS = 10 substellar limit. We find
a median number of 10.5 candidate sources per 10,000 au radius (median of 3.46×10−6
sources arcsec−2 in a five degree search radius) for the full MINMS sample. The nearby
distances of stars in our sample lead to the large number of background sources within the
full companion search radius. While the maximum separation of an AO-detected binary
(∼ 35 arcsec) has a very low typical probability of background contamination (often << 1
per cent), the source count method yields significantly higher predictions on the order of
a few to 10 per cent for background sources when considering the wider (> 35 arcsec)
plate-detected candidates.
In addition to the background source estimation, we determined the likelihood of
unassociated field stars sharing similar 2D proper motions with our sample targets, as
such systems would also appear as false positives in the binary statistics. Using the online
Besançon stellar population synthesis tools (Robin et al., 2003), we generated catalogues of
over 12,000,000 stars spanning large fields (0.0 < α < 360, −60 < δ <+60), with distance
and magnitude limits corresponding to the expected companion properties. As seen in
Figure 14, the extremely high proper motion of our sample leads to small overlap with
the synthetic population proper motion distribution (even considering only the magnitude
of the total proper motion vector and not the constituent 2D vectors, which would further
narrow possible matches). For each star in our full sample, we determined the number
of proper motion and KS-magnitude matches in the synthetic population by selecting on
proper motion in both right ascension and declination at various levels of confidence. This
yielded the following average numbers of matching synthetic stars over the full sample per
target: 1σ – 0.08; 3σ – 0.69; 5σ – 1.86; 10σ – 8.23. Of these, each system with a non-zero
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Figure 14. The relative proper motion distribution fractions for the MINMS sample and a
comparable synthetic Besançon stellar catalogue (Robin et al. 2003), generated with similar
sample properties.
number of synthetic proper motion matches was selected to check physical association. As
shown in Table 4, while these systems may share similar proper motions with some stars in
the synthetic sample, the probability of background source contamination from 2MASS in
all cases is << 1 per cent. The combination of these analyses, particularly when coupled
with previous orbital parameter measurements, supports the hypothesis of the physical
association of all detected wide systems in our survey.
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Table 4. Likelihood of chance proper motion and position matches for low proper motion
binaries
HIP # 5σ synth. # 10σ synth. ρ Source Density # Bg. Sources
µ matches µ matches (asec) (counts asec−2) (counts)
3937 28 127 1.68 3.15×10−3 2.80×10−5
15220 0 1 4.5 3.21×10−5 2.04×10−3
22738 27 82 7.65 3.02×10−6 5.55×10−4
23452 0 1 0.81 2.15×10−6 4.44×10−6
28368 3 11 163.15 9.54×10−6 7.98×10−1
35191 7 37 0.05 7.28×10−6 5.72×10−1
36626 1 5 0.68 5.28×10−6 7.67×10−6
41824 6 39 11.04 3.42×10−6 1.31×10−3
59406 0 1 84.7 3.24×10−6 7.31×10−2
65026 200 942 0.63 1.56×10−6 1.95×10−6
65714 0 1 8.86 2.87×10−6 7.07×10−4
72944 1 7 4.98 1.59×10−6 1.21×10−4
97292 0 1 5.62 1.06×10−4 1.05×10−8
102141 3 6 2.82 4.21×10−6 1.05×10−2
111802 0 1 25.86 1.50×10−6 3.15×10−4
2.5 Results and Discussion
Table 5. Confirmed companions - measured and derived properties
HIP WDSa UT ρ apro j θ ∆m Filt. Mprim Msec Epoch
desig. Date (arcsec) (au) (deg) (mag) (M) (M)
1242 –b 2003-12-10 0.21 ± 0.05 1.0 ± 0.3 158.0 ± 1.0 0.93 H 0.15 0.11 1
2008-06-22 0.19 ± 0.01 0.9 ± 0.0 167.6 ± 3.2 0.58 H 0.18 0.14 2
1475 B 1954-10-03 37.40 ± 0.60 134.1 ± 2.0 59.5 ± 0.1 2.71 KS 0.42 0.16 1
1995-10-13 36.28 ± 0.70 130.2 ± 2.0 61.1 ± 0.2 2.71 KS 0.42 0.16 2
2552 Ab 2001-08-05 0.40 ± 0.10 4.0 ± 1.0 320.0 ± 4.0 1.28 KS 0.40 0.21 1
2007-01-29 0.39 ± 0.02 3.9 ± 0.2 72.5 ± 1.7 1.21 KS 0.46 0.25 2
2552 B 2001-08-05 4.01 ± 0.09 40.0 ± 1.0 177.1 ± 0.2 1.35 KS 0.40 0.22 1
2007-01-29 3.99 ± 0.06 40.2 ± 0.6 171.8 ± 1.1 1.35 KS 0.40 0.22 2
3937 – 2000-08-19 1.68 ± 0.09 20.0 ± 2.0 322.3 ± 0.5 0.61 H 0.26 0.19 1
2013-09-18 1.03 ± 0.18 12.1 ± 2.1 319.8 ± 0.7 0.61 KS 0.26 0.19 2
4872 B 1952-09-15 296.40 ± 0.60 2,952.0 ± 45.0 75.5 ± 0.3 0.61 KS 0.56 0.2 1
1995-09-14 295.50 ± 0.60 2,943.5 ± 45.0 75.5 ± 0.3 0.61 KS 0.56 0.2 2
5496 – 2003-12-09 0.07 ± 0.07 0.5 +0.6−0.5 165.0 ± 2.0 0.44 H 0.43 0.36 1
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Table 5. continued.
HIP WDS UT ρ apro j θ ∆m Filt. Mprim Msec Epoch
desig. Date (arcsec) (au) (deg) (mag) (M) (M)
2008-10-17 0.09 ± 0.01 0.7 ± 0.1 73.7 ± 1.8 0.26 H 0.52 0.45 2
9724 – 2003-12-09 0.52 ± 0.05 4.8 ± 0.5 102.1 ± 0.4 3.25 H 0.47 0.11 1
2013-07-03 0.62 ± 0.01 5.7 ± 0.5 102.1 ± 0.4 3.25 H 0.47 0.11 2
10617 – 1986-09-03 105.50 ± 0.60 1,511.0 ± 68.0 312.1 ± 0.1 2.11 KS 0.40 0.27 1
1997-11-22 105.60 ± 0.60 1,512.1 ± 68.0 312.1 ± 0.1 2.11 KS 0.40 0.27 2
15220 B 1954-01-28 6.75 ± 1.00 97.2 ± 15.0 12.9 ± 5.0 0.07 KS 0.50 0.49 1
1995-11-12 5.65 ± 1.00 81.2 ± 15.0 6.0 ± 5.0 0.07 KS 0.50 0.49 2
22738 – 2004-09-23 7.65 ± 0.05 85.0 ± 2.0 314.7 ± 0.1 0.72 H 0.36 0.25 1
2012-08-24 7.47 ± 0.56 83.1 ± 0.2 314.7 ± 0.1 0.71 H 0.35 0.25 2
23452 B 2002-09-18 0.81 ± 0.09 6.9 ± 0.8 285.4 ± 0.7 1.30 KS 0.59 0.37 1
2014-01-13 0.89 ± 0.18 7.6 ± 1.6 335.4 ± 4.8 1.30 KS 0.59 0.37 2
23518 ?c 2013-09-18 5.60 ± 0.20 76.0 ± 3.0 279.5 ± 0.3 4.81 KS 0.54 0.08 1
2014-01-10 5.58 ± 0.20 76.1 ± 2.4 279.1 ± 0.3 4.81 KS 0.54 0.08 2
23932 – 2003-03-16 0.06 ± 0.05 0.6 ± 0.5 30.0 ± 4.0 0.10 KS 0.43 0.41 1
2011-02-16 0.07 ± 0.05 0.7 ± 0.5 44.4 ± 5.5 0.10 KS 0.43 0.41 2
28368 – 1954-01-05 163.10 ± 0.60 2,208.0 ± 50.0 119.4 ± 0.6 0.20 KS 0.53 0.22 1
1996-12-10 162.50 ± 0.60 2,199.6 ± 50.0 119.5 ± 0.6 0.20 KS 0.53 0.22 2
29316 B 2004-01-07 1.72 ± 0.09 19.0 ± 1.0 30.1 ± 0.2 1.50 KS 0.45 0.22 1
2013-09-18 0.58 ± 0.18 6.3 ± 1.9 52.5 ± 1.1 1.50 KS 0.45 0.22 2
30920 B 2006-04-11 1.37 ± 0.05 5.6 ± 0.2 47.4 ± 0.2 1.24 KS 0.21 0.1 1
2009-03-28 1.07 ± 0.01 4.4 ± 0.0 74.6 ± 0.3 1.61 KS 0.24 0.13 2
31293 – 1977-02-10 23.00 ± 0.60 207.3 ± 7.0 35.3 ± 0.3 0.76 KS 0.45 0.32 1
1989-12-31 23.22 ± 0.60 209.4 ± 7.0 34.0 ± 0.3 0.76 KS 0.45 0.32 2
33142 – 2002-09-12 0.30 ± 0.10 3.0 ± 1.0 250.0 ± 3.0 0.47 H 0.32 0.25 1
2005-04-27 0.19 ± 0.01 1.9 ± 0.1 160.5 ± 3.9 0.47 H 0.32 0.25 2
33499 – f 2003-12-08 0.83 ± 0.05 6.6 ± 0.4 282.9 ± 0.3 0.01 H 0.24 0.24 1
35191 – 2000-02-25 0.06 ± 0.05 0.7 ± 0.6 154.0 ± 6.0 0.32 J 0.39 0.34 1
2003-12-08 0.06 ± 0.01 0.8 ± 0.1 334.5 ± 6.0 0.32 J 0.39 0.34 2
36208 ?e 2003-12-11 0.17 ± 0.05 0.6 ± 0.2 327.0 ± 4.0 1.07 H 0.24 0.14 1
36626 Ab 2000-04-20 0.70 ± 0.10 8.0 ± 1.0 201.0 ± 4.0 1.87 KS 0.51 0.21 1
2013-09-18 1.53 ± 0.01 18.1 ± 0.1 194.4 ± 0.6 1.87 KS 0.51 0.21 2
36626 B 1955-02-13 38.40 ± 0.60 456.0 ± 20.0 354.2 ± 0.1 3.82 KS 0.51 0.39 1
1998-12-28 38.04 ± 0.60 451.5 ± 20.0 353.2 ± 0.1 3.82 KS 0.51 0.39 2
41824 Ab 1999-02-27 0.67 ± 0.09 7.0 ± 1.0 157.2 ± 0.9 1.48 KS 0.38 0.11 1
2007-01-29 0.65 ± 0.09 7.2 ± 1.0 169.9 ± 1.1 1.48 KS 0.38 0.11 2
62
Table 5. continued.
HIP WDS UT ρ apro j θ ∆m Filt. Mprim Msec Epoch
desig. Date (arcsec) (au) (deg) (mag) (M) (M)
41824 Ba 1999-02-27 10.17 ± 0.09 113.0 ± 10.0 348.6 ± 0.1 1.74 KS 0.38 0.17 1
2007-01-29 10.32 ± 0.09 114.2 ± 10.0 348.5 ± 0.1 1.74 KS 0.38 0.17 2
41824 Bb 1999-02-27 9.91 ± 0.09 110.0 ± 10.0 346.2 ± 0.1 2.20 KS 0.38 0.13 1
2007-01-29 9.58 ± 0.09 106.0 ± 10.0 346.0 ± 0.1 2.20 KS 0.38 0.13 2
46706 – 1997-12-28 0.70 ± 0.10 7.0 ± 1.0 239.0 ± 1.0 0.09 KS 0.42 0.41 1
2004-04-05 0.52 ± 0.01 5.2 ± 0.0 49.8 ± 0.3 0.09 KS 0.54 0.53 2
47620 B 1955-01-26 89.10 ± 0.60 1,096.0 ± 25.0 77.1 ± 0.1 0.60 KS 0.52 0.46 1
2000-01-13 88.80 ± 0.60 1,091.8 ± 25.0 77.5 ± 0.1 0.60 KS 0.52 0.46 2
49969 – 2000-02-19 0.20 ± 0.10 2.0 ± 1.0 253.0 ± 8.0 0.81 H 0.43 0.29 1
2003-03-18 0.16 ± 0.01 1.9 ± 0.0 61.8 ± 1.4 0.51 H 0.49 0.36 2
54211 B 1955-03-19 30.20 ± 0.60 147.0 ± 3.0 131.1 ± 0.2 4.40 KS 0.40 0.1 1
2000-03-14 31.91 ± 0.60 154.7 ± 3.0 126.6 ± 0.2 4.40 KS 0.40 0.1 2
59406 – 1954-04-02 84.70 ± 0.60 1,066.0 ± 32.0 120.9 ± 0.1 1.58 KS 0.36 0.26 1
1994-05-18 85.12 ± 0.60 1,071.7 ± 32.0 120.9 ± 0.1 1.58 KS 0.36 0.26 2
60910 – f 2008-02-19 0.07 ± 0.05 0.9 ± 0.7 114.0 ± 5.0 0.70 KS 0.32 0.22 1
62556 – 1997-12-27 0.20 ± 0.10 2.0 ± 1.0 240.0 ± 7.0 0.55 H 0.37 0.28 1
2003-03-17 0.32 ± 0.04 3.3 ± 0.4 202.8 ± 4.3 0.55 H 0.37 0.28 2
63510 B 2005-05-01 0.28 ± 0.05 3.2 ± 0.6 357.0 ± 1.0 3.26 KS 0.58 0.12 1
2006-05-23 0.24 ± 0.01 2.8 ± 0.1 307.4 ± 4.5 3.71 KS 0.58 0.12 2
65011 B 1950-05-15 19.60 ± 0.20 260.0 ± 9.0 123.1 ± 0.3 0.66 KS 0.63 0.3 1
1990-05-06 17.80 ± 0.20 236.1 ± 9.0 128.9 ± 0.3 0.66 KS 0.63 0.3 2
65026 B 2000-04-20 0.63 ± 0.09 7.0 ± 1.0 107.0 ± 6.0 0.85 KS 0.67 0.52 1
2005-04-27 1.26 ± 0.09 13.5 ± 1.0 94.2 ± 0.2 0.85 KS 0.67 0.52 2
65714 – 1956-04-08 8.90 ± 0.60 123.0 ± 9.0 45.7 ± 2.0 1.36 KS 0.48 0.22 1
1996-04-21 7.65 ± 0.60 106.2 ± 9.0 51.5 ± 2.0 1.36 KS 0.48 0.22 2
71898 – 2002-06-25 2.88 ± 0.09 31.0 ± 1.0 109.9 ± 0.2 3.94 KS 0.40 0.08 1
2004-04-25 2.77 ± 0.01 29.7 ± 0.1 105.8 ± 0.2 3.94 KS 0.40 0.08 2
72896 – 2001-08-06 1.00 ± 0.10 11.0 ± 1.0 116.0 ± 1.0 0.77 KS 0.29 0.2 1
2013-04-19 1.02 ± 0.01 10.3 ± 0.0 93.7 ± 0.0 0.77 KS 0.37 0.25 2
72944 Ba 2005-06-04 4.92 ± 0.05 47.5 ± 0.9 32.5 ± 0.2 2.66 KS 0.49 0.09 1
2006-03-01 4.91 ± 0.01 47.4 ± 0.1 33.4 ± 0.1 2.66 KS 0.49 0.09 2
72944 Bb 2005-06-04 4.98 ± 0.05 48.1 ± 0.9 32.0 ± 0.2 4.80 KS 0.49 0.08 1
2006-03-01 5.01 ± 0.01 48.4 ± 0.1 32.4 ± 0.1 4.80 KS 0.49 0.08 2
73470 – 2003-03-17 1.36 ± 0.09 16.0 ± 1.0 179.2 ± 0.2 2.26 KS 0.60 0.24 1
2005-04-25 1.54 ± 0.01 18.1 ± 0.1 173.0 ± 0.1 2.26 KS 0.62 0.25 2
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Table 5. continued.
HIP WDS UT ρ apro j θ ∆m Filt. Mprim Msec Epoch
desig. Date (arcsec) (au) (deg) (mag) (M) (M)
79755 – 1955-04-23 64.00 ± 0.60 684.0 ± 9.0 12.7 ± 0.1 0.99 KS 0.66 0.47 1
1994-06-18 64.87 ± 0.60 693.2 ± 9.0 13.5 ± 0.1 0.99 KS 0.66 0.47 2
80018 – 2007-05-19 4.92 ± 0.05 41.0 ± 1.0 226.9 ± 0.2 3.02 H 0.38 0.1 1
2013-03-29 4.43 ± 0.02 37.0 ± 0.1 226.0 ± 0.1 3.02 H 0.38 0.1 2
82817 B 2003-05-29 0.11 ± 0.05 0.7 ± 0.3 275.0 ± 2.0 0.28 H 0.43 0.38 1
2005-07-21 0.22 ± 0.01 1.4 ± 0.1 173.8 ± 0.1 0.28 H 0.43 0.38 2
82817 C 1954-06-01 73.10 ± 0.60 453.0 ± 16.0 313.8 ± 0.1 0.28 H 0.43 0.2 1
1996-04-25 72.75 ± 0.60 450.7 ± 16.0 313.3 ± 0.1 0.28 H 0.43 0.2 2
82817 F 1954-06-01 232.50 ± 0.60 1,440.0 ± 50.0 155.4 ± 0.4 4.58 KS 0.43 0.09 1
1996-04-25 232.01 ± 0.60 1,437.4 ± 50.0 155.4 ± 0.4 4.58 KS 0.43 0.09 2
84140 B 1999-04-04 1.11 ± 0.09 6.6 ± 0.6 225.0 ± 0.5 0.01 KS 0.34 0.34 1
2004-04-05 0.25 ± 0.09 1.5 ± 0.5 166.6 ± 5.5 0.01 KS 0.47 0.47 2
84794 – 1951-07-05 15.80 ± 0.60 183.0 ± 11.0 267.3 ± 0.2 1.10 KS 0.44 0.29 1
1996-08-09 16.81 ± 0.60 194.9 ± 11.0 268.7 ± 0.2 1.10 KS 0.44 0.29 2
86057 – 2005-05-01 3.76 ± 0.05 37.0 ± 1.0 325.4 ± 0.3 1.93 H 0.45 0.18 1
2007-05-14 3.94 ± 0.05 38.3 ± 1.0 323.7 ± 0.3 1.93 H 0.45 0.18 2
86214 ?e 2005-05-01 0.17 ± 0.05 0.9 ± 0.3 190.0 ± 5.0 1.01 H 0.23 0.14 1
91772 Ad 2001-05-04 12.53 ± 0.09 44.7 ± 0.5 170.1 ± 0.1 0.60 KS 0.26 0.19 1
2009-09-01 11.98 ± 0.04 42.8 ± 0.1 219.4 ± 0.2 0.60 KS 0.26 0.19 2
93899 – 1951-07-13 116.60 ± 0.60 1,020.0 ± 21.0 290.2 ± 0.5 1.01 KS 0.32 0.32 1
1994-06-12 115.40 ± 0.60 1,010.1 ± 21.0 291.0 ± 0.5 1.01 KS 0.32 0.32 2
94349 – 2003-07-19 0.08 ± 0.05 0.8 ± 0.6 58.0 ± 6.0 0.80 H 0.34 0.23 1
2007-05-14 0.16 ± 0.01 1.7 ± 0.0 319.7 ± 1.8 0.80 H 0.41 0.28 2
94761 B 1950-08-12 72.90 ± 0.60 428.0 ± 4.0 149.5 ± 0.5 4.64 KS 0.49 0.09 1
1995-08-16 75.36 ± 0.60 442.4 ± 4.0 151.6 ± 0.5 4.64 KS 0.49 0.09 2
97292 B f 2013-09-18 5.60 ± 0.20 76.0 ± 3.0 140.1 ± 0.3 0.71 KS 0.49 0.37 1
99150 – 1976-05-30 41.60 ± 0.60 619.0 ± 47.0 111.0 ± 0.5 1.70 KS 0.37 0.33 1
1996-09-17 41.60 ± 0.60 621.0 ± 47.0 109.4 ± 0.5 1.70 KS 0.37 0.33 2
102141 C 2003-07-21 2.82 ± 0.05 30.0 ± 1.0 171.2 ± 0.2 0.03 KS 0.54 0.53 1
2009-06-01 2.51 ± 0.01 26.8 ± 0.0 159.4 ± 0.6 0.03 KS 0.66 0.65 2
106255 – 2003-12-10 0.19 ± 0.05 1.5 ± 0.4 162.0 ± 1.0 1.12 H 0.27 0.15 1
2005-05-02 0.16 ± 0.01 1.3 ± 0.0 128.2 ± 0.5 1.12 H 0.31 0.17 2
110893 – 1997-12-28 3.21 ± 0.09 12.9 ± 0.4 103.3 ± 0.2 0.98 KS 0.27 0.17 1
2001-08-04 2.96 ± 0.01 11.8 ± 0.1 86.9 ± 0.3 0.98 KS 0.32 0.2 2
111766 – 2006-05-26 0.78 ± 0.05 10.0 ± 1.0 175.5 ± 0.2 0.24 KS 0.38 0.34 1
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Table 5. continued.
HIP WDS UT ρ apro j θ ∆m Filt. Mprim Msec Epoch
desig. Date (arcsec) (au) (deg) (mag) (M) (M)
2013-05-08 0.86 ± 0.01 11.4 ± 0.1 123.0 ± 0.3 0.24 KS 0.38 0.34 2
111802 – 1984-10-15 25.90 ± 0.60 225.0 ± 6.0 351.6 ± 0.1 0.30 KS 0.60 0.32 1
1999-08-11 28.07 ± 0.60 244.1 ± 6.0 352.2 ± 0.1 0.30 KS 0.60 0.32 2
114046 ?e 2003-12-09 0.07 ± 0.05 0.2 ± 0.2 267.0 ± 3.0 1.21 H 0.44 0.25 1
116132 B 1997-12-25 5.18 ± 0.09 32.0 ± 0.7 93.8 ± 0.3 1.37 KS 0.35 0.17 1
2000-08-21 5.28 ± 0.01 32.7 ± 0.0 94.0 ± 0.1 1.37 KS 0.39 0.2 2
a WDS catalogue component designation.
b targets within the WDS catalog, but without an assigned component designation.
c is a newly confirmed companion without a designation in the WDS catalog (? denotes a new companion).
d HIP 91772 is designated as the “B" component in the WDS catalog, but has the largest estimated mass of the system.
e denotes target without second epoch detection, but instead non-detection of background object (Section 4.3).
f denotes second epoch data not available, but multiple epochs obtained from previous WDS measurements.
2.5.1 Detected co-moving companions and survey completeness
Based on the multi-epoch AO and wide-field imaging data analysis, a total of 47 AO-
detected and 20 wide-field-detected physically associated companions were identified in the
MINMS sample (41 systems with one or more companions detected in the close AO data,
and 17 systems with one or more companions detected in the wide plate data, for a total of
58 multiple systems and 187 single stars). Due to some overlap in search space between
the two types of data, two different companions were detected independently by the two
techniques, resulting in 65 unique co-moving companions to the MINMS sample. Among
the AO-detected companions, four are newly identified within this study. The measured
astrometry and relative photometry for each of the resolved companions are reported in
Table 5, along with the inferred masses of each component derived from an evolutionary
65
Figure 15. The separations and magnitude differences for the confirmed stellar companions
in our survey. Companions shown were detected in either the AO data (in one or more of
the JHKS filters, filled circles), the plate data (only KS magnitude differences from 2MASS
cross-matching shown, open circles), or in a few cases, with both imaging techniques. The
red line represents the median 3σ sensitivity of the sample, and continues beyond the
canonical substellar limit. The survey is sensitive to companions above, and to the right of,
this sensitivity limit.
model (Baraffe et al., 1998), as described in Section 2.4.2.3. The 65 companions are
distributed in 53 binary systems, three triple systems, and two quadruple systems.
The observed angular separations and magnitude differences for all of the companions
are plotted in Figure 15, and the 3σ median sensitivity of the sample is also shown. The
angular separations range from 0.05 arcsec to 4.94 arcmin. The magnitude differences
measured in one of the infrared filters ranged from ∆m= 0.0−5.0. Only stellar companions
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Figure 16. The completeness of the MINMS survey in terms of derived physical parameters.
The horizontal black and white dashed line designates the substellar limit of 0.08 M, while
the vertical dashed line at 3 au indicates the minimum interior separation to which the AO
subsample is 85 per cent complete. These lines define the minimum mass and separation
thresholds used to assess population statistics for a subsample minimizing detection biases.
Stellar companions are over-plotted, and span the parameter range of our survey.
are considered for this study, so the maximum magnitude difference needed for sensitivity
to an M9 companion (MK ∼ 10 mag) to an M0 primary (MK ∼ 4.5 mag) is only 5.5 mag at
KS-band. The limited dynamic range required to reach the bottom of the main sequence,
combined with the sensitive observations, results in a very uniform completeness to stellar
companions. Detection limits for all targets are reported in Table 22 (Appendix).
The observational properties are transformed into physical properties of mass and
projected separation in Figure 16. Wider than a few au, the completeness is very high
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Figure 17. The completeness of the MINMS survey, shown in terms of the mass ratio of the
companion to the primary star. The horizontal dashed line at q = 0.2 designates the mass
ratio limit for uniform completeness, while the vertical dashed line indicates the minimum
separation limit of 3 au used to assess population statistics.
(typically > 95 per cent), as shown in Figure 16. The detected companions are also included
in the figure, and co-moving objects down to the stellar/substellar limit are identified in
the MINMS study. The vertical and horizontal dashed lines define the boundaries of the
region considered for constructing the distributions of companion separation, secondary
mass, and total system mass. The closer pairs (< 3 au) are not included in the population
statistics, since the interpretation of the data would be dependent on a large correction factor.
A similar plot in terms of mass ratio and projected separation is given in Figure 17, and the
dashed lines delineate the systems included in determining the mass ratio distribution of
the MINMS sample. Although the sensitivity is very uniform to a companion mass limit of
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0.08 M, the range of target masses makes the lower mass ratio limit of q≥ 0.2 for uniform
completeness in the mass ratio distribution.
2.5.2 Comparison of sample properties and binary detections
To determine if any selection biases impacted the study, particularly given the magnitude-
limited nature of our survey, we analysed binary occurrence against attributes such as
distance, magnitude, and metallicity. To test whether observed binaries were consistent
with being drawn randomly from the survey sample, all systems were rank-ordered by a
given attribute and the binaries were plotted to create a cumulative distribution function,
which could then be compared against a random distribution. This was performed using
a method similar to calculating the Gini coefficient, a widely-used statistic in economics
measuring wealth distribution within societies (Gini, 1955). For each system attribute, the
area underneath the binary distribution, normalized to 0.5, was calculated. The error on the
area was estimated with a Monte Carlo simulation of 10,000 random distributions, each
with the same number of binaries in the same number of total targets. In this study, the 58
multiple systems within 245 total systems leads us to an expected area of 0.5 ± 0.03.
The comparisons for the systems in our survey are shown in Figures 18 for the distances
of the systems, and Figure 19, for the magnitude distribution of the target sample. For the
distance distribution, we find the area beneath the binary distribution to be 0.54, slightly over
1σ away from the range of expected area values drawn from the Monte Carlo simulations.
This may be seen in a slight overabundance of binaries near rank order 0.5, corresponding to
systems at ∼8 pc, but is still consistent with a random distribution, and so the sample does
not appear to be significantly biased toward systems at closer or further distances. Similarly,
for the V -band magnitude distribution in Figure 19, the area was also 0.54, and is again
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Figure 18. Binary fraction of the stars within our sample at a given distance versus
normalized rank-ordered distance of the full sample. The solid red line and errorbars denote
the expected trend for a random distribution, with integrated area normalised to 0.5 ± 0.03
(errors drawn from Monte Carlo simulations of 10,000 random distributions). The black
points show the binary fraction as a function of rank-ordered distance; with an integrated
area of 0.54, the binary occurrence is consistent with being drawn from a random
distribution, implying an unbiased observation of binaries in the MINMS sample with
respect to system distance.
consistent with a random underlying distribution. Similar comparisons were performed for
the binaries within only the 196-star AO subsample, with area values of 0.49 for the distance
distribution and 0.52 for the magnitude distribution, which are also consistent with selection
from a random distribution.
Using literature values for the 124 stars within our sample with previous metallicity
measurements (Table 1), subsamples of the binaries and single stars were also compared with
the same technique. With 20 observed multiple systems within the 124 star subsample with
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Figure 19. Binary fraction of the stars within our sample with a given V -band magnitude
versus normalized rank-ordered magnitude of the full sample. Colors, symbols, and errors
are as in the preceding figure for distance distribution. The integrated binary distribution
with respect to magnitude is also 0.54, and consistent with being drawn randomly, implying
an unbiased observation of binaries in the MINMS sample with respect to system
brightness.
metallicity measurements, the expected integrated area of the binary distribution function is
0.5±0.06. With an observed value of 0.45, the survey also appears consistent with a random
distribution with respect to stellar metallicity, and suggests no dependence of binarity upon
the system metallicity. With very few measurements of extremely metal-poor or metal-rich
stars within our sample, no binaries were detected at extreme metallicities, underscoring the
utility of additional sample metallicity and age estimations in determining robust statistics
for various population subsamples.
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2.5.3 Projected separation distribution
The separation range of 3 au defined from the survey completeness to the outer limit
of 10,000 au, spans 3.5 orders of magnitude. The distribution of projected separations
was constructed over six equally sized bins from log
(
aproj
)
of 0.5 to 4.0, and is shown in
Figure 20. For each bin, the number of targets in the sample that was sensitive to 95 per cent
of the bin range is indicated above each bin, and the companion frequency per bin was
determined by dividing the number of resolved companions within the bin by the subset
of targets complete to 95 per cent of the bin. The error bars were calculated from Poisson
statistics.
Over the range of the survey data, the distribution rises monotonically to the smaller
separations covered in the 3 au to 10 au bin. The best-fit log-normal distribution is plotted,
and due to the unconstrained location of the peak of the distribution, a best-fitting µlog(a) =
−0.66 and σlog(a) = 1.86 is found. Fixing the peak to be at the centre of the first bin
of the observed distribution (µlog(a) = 0.77), a significantly narrower distribution is fit
(σlog(a) = 1.34). Compared to a previous survey of M-stars at a larger range of distances
with less sensitivity to wider companions (Janson et al., 2012), the peak of the restricted
fit to the MINMS distribution is lower, but significantly wider (Figure 20). Two additional
comparison curves are shown for the distributions of companions to higher mass primaries.
The solar-type distribution peak occurs at a somewhat wider separation (Raghavan et al.,
2010) and the fit is consistently higher than the corresponding value of the M-star distribution
with the exception of the bin for the smallest separations. The fit to the projected separation
distribution of A-star systems (De Rosa et al., 2014) is substantially different, with a
markedly larger value for the peak and an overall higher normalisation. Given the larger
distances of the A-star sample (D≤ 75 pc), the inner limit for data used to construct the A-
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Figure 20. The distribution of projected separations for the companions resolved between 3
and 10,000 au, corrected for incompleteness (red histogram). Assuming a log-normal
distribution, a Gaussian was fit to the observed distribution. Allowing all parameters to vary
freely, the distribution is best fit by a Gaussian with a mean of µlog(a) =−0.66 and width of
σlog(a) = 1.86 (dashed black curve). A restricted fit was also computed by fixing the mean
of the distribution to the centre of the first bin of the distribution (µlog(a) = 0.77), with a
best-fitting Gaussian of width σlog(a) = 1.34 (solid black curve). These fits represent the
two limiting cases of the true distribution, given the observed distribution within the
restricted separation range. For comparison, the distribution of companion separations for
A-star primaries (blue dot-dash curve, (De Rosa et al. 2014), solar-type primaries (green
dotted curve, Raghavan et al. 2010), and for M-dwarf primaries in a previous
lucky-imaging survey (magenta crosses, Janson et al. 2012).
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star distribution is located at the third bin of the MINMS data (log aproj = 1.6). Considering
the fits to the M-dwarf, solar-type and A-star surveys, the MINMS results provide further
evidence to support the trend of a wider typical system separation as a function of host star
mass that has been noted in previous studies. The MINMS study refines the population
statistics for low-mass stars with the large sample and comprehensive mass and separation
sensitivity.
2.5.4 Mass ratio distribution
Based on the survey completeness shown in Figure 17, the systems included in the
mass ratio distribution have a mass ratio of q≥ 0.2. The shape of the observed mass ratio
distribution is consistent with a flat distribution, as shown in Figure 21. Because the target
masses are close to the stellar limit, all targets are not sensitive to the full range of mass ratios
(q≥ 0.2). The median mass of a star in the sample is ∼0.44 M and the mass ratio limit
for the median star corresponds to a secondary mass limit of 0.09 M. For the lowest-mass
stars in the sample, the bottom of the main sequence occurs at a mass ratio greater than
q > 0.2. As the lowest-mass primaries in our sample have masses in the 0.12−0.18 M
range, corresponding to a companion at the stellar/substellar boundary with q∼ 0.6, the two
lowest mass ratio bins are affected by this potential bias.
The mass ratio values were sorted by the separation of the pair and split into two sets
by a range of dividing separations, and the inner and outer distributions were compared to
each other with a Kolmogorov-Smirnov (KS) test. The inner and outer distributions were
not found to be significantly different, regardless of the dividing separation used. This result
is different from what was found for both G-star (Raghavan et al., 2010) and A-star binaries
(De Rosa et al., 2014). Since there was no difference in the mass ratio distributions, the
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Figure 21. The distribution of companion mass ratios for the companions resolved in the
MINMS study. Only those companions with projected separations between 30−10000 au
and mass ratios of q≥ 0.2 are included to minimize observational biases. The predicted
shape of the mass ratio distribution for companions drawn from a distribution rising to more
equal-mass companions ( f (q) ∝ q1, dashed curve), a flat distribution ( f (q) ∝ q0, solid
curve), and a falling distribution ( f (q) ∝ q−1, dot-dashed curve) are plotted for reference.
The observed mass ratio distribution is most consistent with the flat distribution.
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full set of companions was used to investigate the shape of the true underlying distribution.
In order to estimate the expected shape of the mass ratio distribution, taking into account
the distribution of primary masses, we performed a series of Monte Carlo simulations to
construct comparison mass ratio distributions from pairing the MINMS primaries with
secondaries of different companion mass ratio functions (Figure 21).
We have assumed that the full mass range of the MINMS primaries can be described as a
simple population with a single underlying mass ratio distribution. The pairing simulations
were based on a population of 1×105 primary stars with a distribution of masses matching
the primaries in the MINMS survey. For each primary, a companion mass was drawn
randomly from rising, falling, or uniform mass ratio distributions over the full stellar
companion mass range of 0.08M to the given primary mass, producing 1×105 companions.
We then divided the masses of the secondaries by the masses of the primaries to obtain the
corresponding mass ratios. From this analysis, only those stars with M < 0.4 were biased
against detecting mass ratios of q < 0.2 (making up 35 per cent of the sample) and given that
the sample stars fall off quickly toward lower-mass primaries, only 10 per cent of primaries
< 0.3M were similarly biased, resulting in a bias in half of the q = 0.2−0.4 bin. In this
way, the rising, falling and uniform distributions are compared with similar completeness to
the mass ratio distribution of the observed companions. This is similar to previous analyses
for higher-mass primaries, and statistical analyses of companion mass ratio distributions
(Reggiani and Meyer, 2011, 2013). In light of our implicit assumption that the q-distribution
is the same for the full range of MINMS primaries, the observed mass ratio distribution is
thus consistent with companions drawn from a distribution flat in mass ratio ( f (q) ∝ q0).
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2.5.5 Companion and total system mass distributions
Given the high level of completeness to the bottom of the main sequence, the distribu-
tions of primary and companion mass were constructed for all pairs with >3 au projected
separation. Unlike the flat mass ratio distribution, the companion mass distribution shown
in Figure 22 rises continuously with decreasing mass. Similarly, the total system mass
distribution in Figure 23 rises to smaller masses. For comparison, a KS test was performed
to compare the mass distribution of single stars and that of primaries in binary systems; with
a p-value of 0.34, no intrinsic difference was found between the two populations, indicating
no preference for massive primaries having more companions (or vice versa). For triple and
quadruple systems, all companions and the primary are summed to determine the system
mass included in Figure 22. For comparison with the total system distribution, the target
star mass distribution is also plotted in Figure 23.
2.5.6 Frequency of companions
There are two quantities that define the multiplicity of the sample. The multiplicity
fraction (MF) quantifies the number of multiple systems within the sample:
MF =
b+ t+q+ ...
s+b+ t+q+ ...
, (2.3)
where s is the number of singles, b the number of binaries, t the number of triples, q the
number of quadruples, and so forth (e.g. Reipurth and Zinnecker, 1993; Goodwin et al.,
2004). The companion star fraction (CSF) quantifies the total number of companions within
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Figure 22. The distribution of primary masses and companion masses for all stellar
companions and hosts found within the MINMS study, shown in fractions of the total
sample. A KS test performed on the single star masses against the masses of primaries in
binaries showed no preference toward stellar mass correlating with presence of companions
over the K7-M6 spectral type range of our sample.
the sample as the following:
CSF =
b+2t+3q+ ...
s+b+ t+q+ ...
, (2.4)
(Patience et al., 2002). As described in Section 2.5.1, AO data exist for a subsample of
196 stars within the 245-star MinMs sample. Therefore, the multiplicity fraction can be
calculated for separate subsamples, accounting for selection effects over different ranges
of projected separation. Of the AO data, which forms a subsample searching projected
separations in the 1-100 AU range, we find 41 binaries of the 196 stars with AO imaging, cor-
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Figure 23. The distribution of total system mass, calculated as the sum of all components
within a given multiple system, including all companions with separations of aproj ≥ 3 au
and q≥ 0.2, normalised by the number of such companions (red hatched histogram).
Plotted for reference is the distribution of primary masses given in Figure 8, normalised by
the overall sample size (blue histogram).
responding to a MF of 21±3 per cent. For the plate data, we find 17 wide binaries covering
the 100-10000 au range within the full 245 star sample with plate imaging, corresponding to
a MF for the wide subsample of 7±2 per cent. This is consistent with the tighter semi-major
axis distribution and lower multiplicity seen in comparison to higher-mass primaries.
The CSF over 3−10,000 au is calculated by summing the fraction in each separation
bin of Figure 20, since each bin is already corrected for incompleteness. The resulting
CSF3-10,000au value is 23.5±3.2 per cent, as shown in Figure 24. For closer separations, the
survey is not fully sensitive to the bottom of the main sequence, but a lower limit on the
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total CSF can be estimated by combining the bound companions resolved within this study
with those reported within the WDS catalogue and the Ninth catalogue of Spectroscopic
Binary Orbits (SB9; Pourbaix et al., 2004). The resulting CSF total is 34.7+2.9−3.2 per cent.
(Similarly, the lower limit on the total multiplicity of the sample was estimated as MFtotal =
28.6+2.7−3.1 per cent.)
To place the MINMS results in a broader context, the CSF is compared with samples with
different primary star masses. Two separation ranges are considered: the full 3−10,000 au
range and the more restrictive 30− 10,000 au range. The 3− 10,000 au range requires
samples of nearby field objects to reach the smaller projected separations, so the MINMS
value is compared with field Solar-type stars (Raghavan et al., 2010) and field brown dwarfs
(Burgasser et al., 2006b). As shown in Figure 24, the CSF calculated over both separation
ranges shows a decline with primary mass. The solar-type star study was sensitive to the
bottom of the main sequence as is the case for the MINMS survey, while the surveys of
brown dwarfs were typically sensitive to q& 0.5. Over the restricted 30−10,000 au range,
for which a CSF30-10,000au = 12.4±2.3 per cent was measured for the M-dwarf primaries
within this study, it is possible to include the results from the more massive A-stars (De
Rosa et al., 2014). Due to the paucity of wide companions to brown dwarfs, there is only an
upper limit on the brown dwarf companion star fraction over this separation range (Allen
et al., 2007).
2.5.7 Higher order multiple systems
Since the MINMS companions include a large range of separations from a minimum of
0.2 au to a maximum of 2,952 au, and ∼200 stars have both AO and wide field imaging,
it is possible to detect higher order multiple systems within the survey. A total of three
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Figure 24. The companion star fractions measured over the full 3−10,000 au (filled
symbol) and restricted 30−10,000 au (open symbol) separation ranges. Comparison
values for both ranges, from left to right, are shown for solar-type stars (yellow circles,
Raghavan et al., 2010), and M-dwarfs (red diamonds, this study). Over the 3−10,000 au
range, a measured value exists for brown dwarf primaries (pink star, Burgasser et al.,
2006b). Over the restricted 30−10,000 au range, additional comparison values are
available for field A-type stars (blue square, De Rosa et al., 2014), as well as an upper limit
to the CSF30−10,000au for brown dwarf primaries (pink downward triangle, Allen et al.,
2007), demonstrating the decreasing trend of multiplicity with later spectral type.
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Table 6. Summary of known spectroscopic binaries in the MINMS sample
HIP Reference SB Type Period AO Resolved?
(days)
9724 N02 1 6818 Yes
11964 E59 1 1.962 No
25953 MB89 2 - No
34603 TP86 1 10.428 No
38082 MB89 2 - No
65011 T97 1 200.26 No
76901 N02 1 62.628 No
80346 N02 1 1366.1 No
82809 M01 1 2.9655 No
82817 M01 1 2.9655 No
111802 HM65 1 4.0832 No
triple and two quadruple systems were identified. All the triple systems are in hierarchical
arrangements and the ratio of inner to outer projected separations ranges from 347:1 to 27:1.
The threshold for stability of multiple systems is considered to be a separation ratio for the
outer to inner pair of 5:1 (Eggleton, 2006), suggesting that all the triple systems are likely
stable. For the two quadruples, one system consists of two widely separated close pairs,
while the other system is composed of a close pair and two wider and lower mass stars. For
a full accounting of the frequency of higher order multiples, radial velocity measurements
of the sample with AO and wide field imaging are required.
To determine whether any spectroscopic systems were previously known within the
sample, we cross-referenced the SB9 catalogue and the 70 star M-dwarf spectroscopic
survey by (Marcy and Benitz, 1989, hereafter MB89) against our sample. Among the 50
MINMS stars within the MB89 study, only two spectroscopic binaries are known. From the
cross-reference with SB9, an additional 10 spectroscopic binaries were identified within
our sample from the following surveys, listed in Table 6: Nidever et al., 2002 (N02), Evans,
1959 (E59), Tomkin and Pettersen, 1986 (TP86), Tokovinin, 1997 (T97), Mazeh et al.,
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2001 (M01), and Herbig and Moorhead, 1965 (HM65). Of these spectroscopic systems,
one was resolved in archival AO imaging (HIP 9724). As the completeness of the SB9
catalogue is unknown since non-detections are not reported, we do not include these binaries
in our analysis. The incompleteness of the spectroscopic results underscores the need
for a comprehensive spectroscopic companion survey of nearby M-dwarfs, such as the
CARMENES survey (Quirrenbach et al., 2010). By building upon the current results, the
MINMS sample represents an ideal target set for developing a comprehensive understanding
of the frequency and properties of higher-order multiple systems with low-mass primaries.
2.6 Summary and Conclusions
With a combination of multi-epoch adaptive optics and wide-field imaging, we have
conducted a companion search program targeting 245 late K and early M-dwarfs which are
within 15 pc with Hipparcos parallax uncertainties of < 10 per cent, MV > 8, and which are
not companions to earlier spectral type primaries. Companions with projected separations
as small as 0.2 au were resolved, and beginning at a separation of 3 au and continuing to
10,000 au, the observations were sensitive to the companions down to the stellar/substellar
limit. Within this complete range, a total of 65 co-moving companions were detected, 47
with AO observations and 18 from wide-field imaging data, of which four are newly resolved
within this study.
Over the complete 3− 10,000 au separation range, the companion star fraction is
23.5±3.2 per cent. With the large sample size, the uncertainties are reduced by a factor
of ∼2 relative to previous studies, which makes it possible to determine that the M-dwarf
CSF is distinctly lower than the solar-type value (Raghavan et al., 2010) and higher than
the corresponding brown dwarf fraction (Burgasser et al., 2006b). By considering the
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separation range of 30−10,000 au to enable a comparison with the more distant and more
massive A-stars (De Rosa et al., 2014), a CSF30−10,000au = 12.4±2.3 was measured, and a
systematic decline in CSF as a function of primary mass is observed.
Dividing the observed range of companion separations into six bins, the separation
distribution is seen to rise continuously toward the smallest separations to which the survey
is sensitive. When compared to the results of a previous lucky imaging survey of M-dwarfs
(Janson et al., 2012), the MINMS distribution appears to have a wider spread, likely due
to the enhanced coverage that enabled a direct measurement of the widest systems. The
mass ratio distribution is flat across the q = 0.2− 1.0 range, similar to that observed for
companions to solar-type stars (Raghavan et al., 2010), but different from the rise toward
lower mass ratios seen for higher-mass stars (De Rosa et al., 2014).
The MINMS study can serve as a benchmark dataset for comparisons with the companion
star properties of more distant populations of young low-mass stars. Given the existing large
coverage, the MINMS sample is also an ideal set to pursue radial velocity searches for the
closest companions to complete the separation distribution, and to provide the first complete
accounting of high order multiplicity of M-dwarfs.
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Chapter 3
THE TAURUS BOUNDARY OF STELLAR/SUBSTELLAR (TBOSS) SURVEY II. DISK
MASSES FROM ALMA CONTINUUM OBSERVATIONS
3.1 Introduction
Submillimeter and millimeter wavelength observations of protoplanetary disks provide
views into the disk structure, composition, evolution, and dust grain properties within the
nascent environments of planet formation (see, e.g., Andrews and Williams, 2005, 2007;
Birnstiel et al., 2010; Ricci et al., 2010). Given assumptions regarding disk temperature
and spatial extent, and grain properties (e.g., opacity, emissivity and size distribution),
measurements of sub-mm/mm disk flux density can be translated into dust masses of grains
with sizes similar to the observation wavelength (Beckwith et al., 1990).
By studying the properties of protoplanetary disks in star-forming regions with known
ages, it is possible to use the abundance of dust and gas content within disks to trace disk
evolution pathways and timescales. However, this is complicated by the dominant mode and
scale of star formation, such as the environmental impacts of high-mass stellar populations,
as within the Orion Molecular Cloud (OMC), or relatively quiescent low-mass environments,
like the Taurus star-forming region. Measurements of disk evolution timescales and natal
environments refine our understanding of formation mechanisms, and provide context for
the history of the solar system, for which the meteoritic record and isotopic evidence offer
important benchmarks on planetesimal growth timescales and indications of the Sun’s
formation environment (cf. MacPherson et al., 1995; Russell et al., 2006).
Previous surveys have examined stars with M∗ > 0.1M in a number of diverse star-
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forming regions, including: Taurus (Andrews and Williams, 2005; Andrews et al., 2013),
IC348 (Lee et al., 2011), Upper Sco (Mathews et al., 2012; Carpenter et al., 2014; van
der Plas et al., 2016; Barenfeld et al., 2016), Lupus (Ansdell et al., 2016), sigma Orionis
(?), Chamaeleon I (Pascucci et al., 2016), and Orion (Williams et al., 2013; Eisner et al.,
2016). In particular, great emphasis has been placed on the Taurus star-forming region
given its proximity (∼140 pc) and canonically young age (∼1-2 Myr, although an older sub-
population may extend up to 20 Myr; Daemgen et al., 2015), which enable detailed studies of
its stellar population. Surveys of Taurus have demonstrated a correlation of increasing disk
mass with stellar mass (Andrews and Williams, 2005; Andrews et al., 2013), suggesting that
the mass of the disks in the Class II Taurus population ranges from ∼0.2%-0.6% of the host
mass. With comparisons to regions at the older age of Upper Sco, studies have also shown
trends of decreased dust mass for the same stellar masses at later ages (Carpenter et al.,
2014; van der Plas et al., 2016; Barenfeld et al., 2016), and at mid-infrared wavelengths,
disk studies of the low-mass stellar population with Spitzer revealed longer-lived excess
emission for lower-mass stellar hosts (Carpenter et al., 2006).
With studies largely focusing on stars with masses > 0.1M, key questions remain
as to whether similar disk mass relations and depletion timescales hold for lower-mass
stars and substellar objects. As the lowest-mass stars ultimately become the bulk of the
stellar population by number – with M-dwarfs comprising ∼75% of the neighboring field
population (Henry et al., 2006b; Lépine, 2005) – their disk properties represent what
may be the most common pathways of planet formation. For the Taurus star-forming
region, previous detection limits have resulted in high detection rates around solar-mass
stars and the brightest subset of M-type stars, with few detections throughout the 0.1−
0.6M sequence (e.g., Andrews et al., 2013). As more recent, deeper studies of other
star-forming regions are beginning to probe the dust content of M-star disks, this motivates
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a comparison of disk properties between regions with sensitivity to the full range of stellar
masses down to substellar objects. Furthermore, extending disk measurements across the
hydrogen-burning limit is of significant interest as relatively little is yet known about the
planet populations of the lowest-mass stars and brown dwarfs. Recent transiting planet
searches have revealed intriguing systems of low-mass planets orbiting M-dwarf hosts,
including potentially temperate planets around Proxima Centauri (M5.5V; 0.12M, Anglada-
Escudé et al., 2016) and LHS1140 (M4.5V; 0.15M, Dittmann et al., 2017), and the seven
planet system of TRAPPIST-1, an ultracool dwarf residing at the stellar/brown dwarf
boundary (M8V; 0.08M Gillon et al., 2017). To provide context for planet-hosting low-
mass stars, investigations into protoplanetary disk hosts as younger analogues to systems like
TRAPPIST-1 illustrate the early environments and physical processes relevant to low-mass
systems, allowing us to ascertain how their conditions impact the formation of planets.
To understand the diversity and evolution of planet forming environments, and to en-
able a comparison with the detected exoplanet population, comprehensive studies of disk
properties require a wide range of stellar host masses, ages, and star-forming environ-
ments. Constraining disk properties for the full population therefore requires traversing the
substellar boundary, and necessitates sensitive observations in a lower luminosity regime.
Long-wavelength observations of the dust content within low-mass stellar and substellar
disks have become viable with facilities such as the IRAM 30m telescope, providing some
of the initial explorations of brown dwarf disks (Scholz et al., 2006). The large-program
Submillimeter Array (SMA) survey by Andrews et al. (2013, with a 3σ sensitivity limit
of 3 mJy), enabled disk detections for many higher-mass (> 0.1M) members of Taurus,
but few detections of the brightest low-mass stellar and brown dwarf disks. Recently, stud-
ies using the Atacama Large Millimeter/submillimeter Array (ALMA) have enabled the
measurement of disk properties for detected brown dwarf disks in three systems in Taurus
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(Ricci et al., 2014), seven systems in Upper Sco (van der Plas et al., 2016), and 11 systems
in ρ Ophiuchus (Testi et al., 2016), providing initial results regarding disk mass deficits
for these lower-mass hosts. With the sensitivity of ALMA for sub-mm/mm detections of
brown dwarf disks, large systematic surveys of disk populations bridging the gap across the
sub-stellar boundary are now possible.
In this paper, we present new ALMA Cycle 1 885 µm continuum observations of 24
low mass stars and brown dwarfs in the Taurus star forming region, which were selected
on the basis of previous Herschel detections at 70µm and 160µm (Bulger et al., 2014).
In Section 3.2, we describe the sample and its selection from previous far-infrared Taurus
surveys. Details of the ALMA observations and data reduction procedures are listed in
Section 3.3. Section 3.4 provides the analysis methods to process the ALMA data and
determine source flux densities, the results of which are given in Section 4.4. In Section 3.6,
we describe the various methods used to estimate the dust masses of the disks and the central
object masses of the host stars, and discuss these relations in terms of the feasibility and
timescale of planet formation. The summary and conclusions are given in Section 3.7.
3.2 Sample
The full sample for our Cycle 1 ALMA observations (program ID 2012.1.00743.S)
was drawn from the results of two Herschel surveys targeting low mass stars and brown
dwarfs, reported in Bulger et al. (2014) 2 and in Harvey et al. (2012)3. This sample included
members of both Taurus and Upper Sco, and the results from the Upper Sco component are
published in van der Plas et al. (2016). In this paper, we consider the Taurus component
2OT1_jpatienc_1
3GT1_pharve01_2
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of the sample. By building upon these large-scale, nearly complete surveys, the ALMA
sample was tailored to maximize the likelihood of sub-mm detections and to enhance the
interpretation of ALMA results with well-sampled spectral energy distributions (SEDs).
The 24 Taurus low mass stars and brown dwarfs considered here represent a subset of
Herschel-detected members from the 153-object and 98% complete TBOSS (Taurus Bound-
ary of Stellar/Substellar) sample (Bulger et al., 2014). The TBOSS sample is composed of
M4-L0 stars and brown dwarfs observed at far-IR wavelengths, including observations with
the Herschel PACS instrument (Poglitsch et al., 2010). Figure 26 shows the PACS 70µm
detections of Class II M4-L0 members from the TBOSS study, of which 75% of systems
were detected (48/64). From these PACS detections, a subset of 24 targets were selected to
span the full range of Herschel fluxes, forming the ALMA targets discussed here. Class I
and Class III detections from the TBOSS survey were not considered for this study.
At the age of Taurus, a spectral type of M6.25 is the demarcation between stars and
brown dwarfs (e.g., Luhman et al., 2005). All spectral types for this sample were determined
spectroscopically and have a typical uncertainty of ±0.5 subclasses. Studies from the
literature providing these spectral type values are the following, compiled by Bulger et al.
(2014): Briceño et al. (2002); Guieu et al. (2006); Kenyon and Hartmann (1995b); Luhman
and Rieke (1996); Luhman et al. (2006); Luhman (2004); Luhman et al. (2009); Martín et al.
(2001); Slesnick et al. (2006); and White and Basri (2003). There are 14 M4-M5 stellar
and 10 M6-M7 substellar objects in the sample. Previous single dish surveys (Andrews and
Williams, 2005; Scholz et al., 2006) have reported fewer M4-M5 sub-mm/mm detections
than M6-M7 detections, and the sample is designed to characterize the transition from stellar
to substellar disk properties.
Table 7 lists the basic information for the ALMA Taurus targets, and the spatial dis-
tribution of the sample is mapped in Figure 25 along with the full TBOSS sample. The
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Herschel 70µm fluxes of the ALMA targets are plotted relative to the full Taurus population
in Figure 26, and the targets span most of the observed range of Herschel detections for
objects of similar spectral types. With the large improvement in sensitivity with ALMA, the
sample is no longer restricted to only the brightest objects in a class. Figure 26 summarizes
the number of objects in different ranges of spectral types and compares the far-IR fluxes of
the ALMA sample and the full TBOSS sample. The sample includes seven examples of
transition disks, as identified within previous mid-IR and sub-mm studies, and these targets
and their corresponding references are identified in the notes of Table 7.
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Table 7. Sample table.
Target Other Name 2MASS RA 2MASS Dec SpTy F24 F70 F160 Notes Ref.
(J2000) (J2000) (mJy) (mJy) (mJy)
J04144730+2646264 FP Tau 04 14 47.309 +26 46 26.44 M4 143 307 351 Transition (1)
J04555605+3036209 XEST 26-062 04 55 56.055 +30 36 20.96 M4 226 330 639
J05075496+2500156 CIDA 12 05 07 54.966 +25 00 15.61 M4 0 51 44
J04385859+2336351 04 38 58.599 +23 36 35.16 M4.25 20 38 76
J04190110+2819420 V410 X-ray 6 04 19 01.106 +28 19 42.05 M4.5 213 445 342 Transition (2)
J04161210+2756385 04 16 12.104 +27 56 38.58 M4.75 51 201 228 Transition (3)
J04322210+1827426 MHO 6 04 32 22.109 +18 27 42.64 M4.75 20.7 107 188 Transition (3)
J04334465+2615005 04 33 44.652 +26 15 00.53 M4.75 108 149 178
J04393364+2359212 04 39 33.645 +23 59 21.23 M5 59 70 44
J04394488+2601527 ITG 15 04 39 44.883 +26 01 52.79 M5 187 272 114 Binary: ρ ∼ 3′′ (4)
J04202555+2700355 04 20 25.554 +27 00 35.55 M5.25 25 107 100 Transition (primordial) (3), (1)
J04284263+2714039 04 28 42.635 +27 14 03.91 M5.25 24 20 51 Transition, Binary:ρ ∼ 0′′.6 (2)
J04213459+2701388 04 21 34.599 +27 01 38.85 M5.5 9.6 37 101 Transition (3)
J04181710+2828419 V410 Anon 13 04 18 17.106 +28 28 41.92 M5.75 28 35 <113
J04230607+2801194 04 23 06.073 +28 01 19.49 M6 19 41 38
J04262939+2624137 KPNO 3 04 26 29.392 +26 24 13.79 M6 12.9 23 33
J04292165+2701259 IRAS 04263+2654 04 29 21.653 +27 01 25.95 M6 310 329 176 Binary: ρ ∼ 0′′.2 (5)
J04390163+2336029 04 39 01.631 +23 36 02.99 M6 22 15 <24
J04400067+2358211 04 40 00.676 +23 58 21.17 M6 20 55 52
J04141188+2811535 04 14 11.881 +28 11 53.51 M6.25 36 17 <293 Truncated (3)
J04382134+2609137 GM Tau 04 38 21.340 +26 09 13.74 M6.5 53 36 <35
J04381486+2611399 04 38 14.861 +26 11 39.94 M7.25 73 95 67
J04390396+2544264 CFHT 6 04 39 03.960 +25 44 26.42 M7.25 18 23 <56
J04414825+2534304 04 41 48.250 +25 34 30.50 M7.75 21 37 <122
Refs. (1) Currie and Sicilia-Aguilar (2011); (2) Cieza et al. (2012); (3) Bulger et al. (2014); (4) Itoh et al. (1999); (5) Konopacky et al. (2007)
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3.3 Observations and Data Reduction
ALMA Band 7 observations were obtained for all targets in a series of tracks executed
between November 2013 and July 2014 during the Cycle 1 Early Science campaign. Among
the available ALMA Bands, Band 7 represented the best compromise between declining
disk flux with wavelength and increasing ALMA sensitivity with wavelength. For example,
ALMA sensitivity is 1.7 times deeper at 1.2mm than 850µm, but brown dwarfs with
detections at both wavelengths are ∼2 - 4.5 times brighter at 850µm compared to 1.2mm
(e.g., Bouy et al., 2008). The four spectral windows were centered on the following four
frequencies: 331.8, 333.8, 343.8, and 345.7 GHz, providing a mean frequency of 338.8
GHz (885µm). Since the central goal of the continuum survey was the detection of faint
sources, the correlator was configured to the widest available setting of 2 GHz for three of
the four spectral windows; the fourth spectral window centered on the highest frequency was
configured in the only slightly narrower 1.875 GHz mode to enable a search for 12CO(3-2)
emission at a rest frequency of 345.70599 GHz. The aggregate sensitivity level across the
full band pass was set to reach an RMS noise level of 0.15 mJy/beam to achieve an order of
magnitude improvement over previous single dish surveys. The continuum observations
are the subject of this paper, while a companion paper is focused on the spectral channel
observations (van der Plas et al. 2017, in prep).
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Figure 25. Spatial distribution of the ALMA sample (blue stars) compared to the full
TBOSS sample (Bulger et al. 2014), overlaid on the extinction map from Dobashi et al.
(2005). The ALMA sample covers many of the sub-regions in Taurus.
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Figure 26. Flux at 70µm from Herschel PACS or Spitzer MIPS observations of Taurus
members as a function of spectral type. Only detections are plotted. The ALMA sample is
indicated with blue stars. The dashed vertical line denotes the earliest M4 spectral type of
the TBOSS sample and the dotted line is the M6 spectral type near the stellar/substellar
limit. The ALMA sample spans the range of 70µm fluxes rather than being limited to the
upper envelope of brightest sources.
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Table 8. Observations.
Group UT Dates Obs. Antennas Time on Targets Baselines Median PWV Calibrators:
(min) (m) (mm) Flux Bandpass Gain
Taurus1 2013-11-05 31 22:57 17.3 – 1300 0.91 J0238+166 J0423-0120 J0510+1800
2013-11-05 31 31:18 17.3 – 1300 1.13 J0510+180 J0423-0120 J0510+1800
2014-07-26 30 25:59 33.7 – 820.2 0.36 J0238+166 J0510+1800 J0510+1800
Targets: J04141188, J04230607, J04262939, J04292165, J04381486, J04382134, J04390163, J04390396, J04400067, J04414825
Taurus2a 2013-11-19 28 41:43 17.3 – 1300 0.58 J0510+180 J0423-0120 J0509+1806
2014-07-27 33 20:47 24.2 – 820.2 0.5 J0510+180 J0510+1800 J0510+1800
Targets: J04144730, J04161210, J04181710, J04190110, J04202555, J04213459, J04284263, J04322210
Taurus2b 2013-11-17 29 18:45 17.3 – 1300 0.77 J0510+180 J0423-0120 J0509+1806
2014-07-27 33 15:35 24.2 – 820.2 0.36 J0510+180 J0510+1800 J0510+1800
Targets: J04334465, J04385859, J04393364, J04394488, J04555605, J05075496
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The 24 targets were divided into three ALMA Scheduling Blocks (SBs) based on science
goals and proximity on the sky to ensure target positions within a 10 degree radius. Two SBs
were observed twice (“Taurus2a” and “Taurus2b”), consisting of targets of spectral type M5
and earlier) and one was observed three times (“Taurus1”, consisting of targets of spectral
type M6 and later), as listed in Table 8. The main observing sequence consisted of cycling
through the Taurus sources and the gain/phase calibrators J0510+1800 and J0509+1806,
depending on the observation. The phase calibrator J0509+1806 was fainter than expected
based on extrapolating archive fluxes from the SMA Observer Center 4, but was still
sufficient for the data analysis. In addition to the observations of the phase calibrators
every ∼5-7 minutes, flux and bandpass calibrators were observed at the beginning of each
track. Table 8 indicates which targets were allocated to each group, the observation dates,
on-source time, the range of baselines, and environmental and system conditions. The time
on-source ranged from 5 minutes to 10 minutes per target, and the precipitable water vapor
(PWV) range of 0.36 mm–1.13 mm corresponds to 1st–3rd octile conditions for ALMA.
4http://sma1.sma.hawaii.edu/callist/callist.html
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Table 9. Updated target positions from this study, and proper motions from Zacharias et al. (2015).
Target J2000 Position (ALMA) Offset from J2000 2MASS µRA µDec Epoch
RA (mas) Dec (mas) mas/yr mas/yr
J04141188 04 14 11.8872 +028 11 52.8848 81.963 -625.2 8±5.3 -26.7±5.3 2013.310
J04144730 04 14 47.3215 +026 46 26.1018 167.398 -338.2 5.1±5.2 -21.6±5.2 2013.424
J04161210 04 16 12.1253 +027 56 38.1025 282.248 -477.5 11±5.2 -29.5±5.2 2013.341
J04181710 04 18 17.1158 +028 28 41.6474 129.213 -272.6 4.7±5.5 -19.7±5.5 2013.108
J04202555 04 20 25.5760 +027 00 35.2819 294.006 -268.1 14.3±5.3 -19.6±5.3 2013.395
J04230607 04 23 06.0891 +028 01 19.1665 213.188 -323.5 13.4±5.2 -23.2±5.2 2013.335
J04262939 04 26 29.4038 +026 24 13.4991 158.536 -290.9 9.3±5.3 -20.4±5.3 2013.248
J04284263 04 28 42.6452 +027 14 03.3013 136.039 -608.7 -5.1±5.2 -11.7±5.2 2013.326
J04292165 04 29 21.6580 +027 01 25.5845 66.811 -365.5 5.5±5.2 -22.7±5.2 2013.342
J04322210 04 32 22.1273 +018 27 42.4070 260.373 -233 13.8±6.3 -16.8±6.3 2013.571
J04334465 04 33 44.6685 +026 15 00.1949 221.976 -335.1 11.2±5.2 -17.3±5.2 2013.499
J04381486 04 38 14.8866 +026 11 39.6288 344.564 -311.2 7.8±10 -17.8±10 2013.856
J04382134 04 38 21.3433 +026 09 13.4528 44.432 -287.2 2.1±5.6 -12.8±5.6 2013.309
J04385859 04 38 58.6108 +023 36 34.8674 162.184 -292.6 11.5±5.5 -19.8±5.5 2013.572
J04390163 04 39 01.6425 +023 36 02.6857 158.072 -304.3 10.7±5.4 -21.2±5.4 2013.681
J04390396 04 39 03.9673 +025 44 26.1032 98.634 -316.8 4.7±5.5 -19.9±5.5 2013.598
J04393364 04 39 33.6491 +023 59 20.9331 56.188 -296.9 4.3±5.4 -20.1±5.4 2013.831
J04394488 04 39 44.8920 +026 01 52.3806 121.305 -409.4 2.9±5.5 -21±5.5 2013.518
J04400067 04 40 00.6799 +023 58 20.7921 53.454 -377.9 3.2±5.5 -23.5±5.5 2013.579
J04414825 04 41 48.2591 +025 34 30.2815 123.126 -218.5 -1.8±6 -9.7±6 2013.737
J04555605 04 55 56.0714 +030 36 20.4410 211.73 -519 6.3±5.1 -30.5±5.1 2013.739
J05075496 05 07 54.9702 +025 00 15.3837 57.095 -226.3 2.3±5.1 -13.3±5.1 2013.609
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3.4 Data Analysis
To convert raw ALMA observations into calibrated measurement sets, calibration and
flagging tables derived from the ALMA Quality Assurance process (Petry et al., 2014) were
re-applied to the raw data in CASA 4.2.2 (Common Astronomy Software Applications;
McMullin et al., 2007). Minimal additional flagging was performed to remove data points
that were identically zero and had been missed by the pipeline.
We adopt a uniform approach to continuum imaging all of the targets within the three SBs
in CASA. For each target, this included aligning the spectral windows between individual
observations and concatenating the measurement sets, flagging all channels associated with
CO emission as visually identified from plotting the amplitudes per channel, and averaging
the remaining continuum channels after removing the CO-dominated channels. Without
flagging the CO channels, the median line flux for a target contributed ∼1% additional
emission over the full 7.875 GHz bandpass. Preliminary cleaned images were produced
with natural weighting. From these images, 22/24 targets were detected, and the centers of
continuum emission in the images were used to define new pointing centers, which were
then applied to phase shift the measurement set of each target using the visstat CASA task.
These new target coordinates are provided in Table 9, along with the offset from the 2MASS
J2000 coordinates, and proper motion values from Zacharias et al. (2015). The calibrated
visibilities were then re-cleaned using natural, Briggs, and uniform weighting to compare
the extent of the continuum emission and the extracted flux values for each source. The
imfit task in CASA was used to fit the continuum emission in the image plane with 2D
Gaussians for each of the 22 detections. The phase-shifted measurement sets were also
used to fit the continuum emission in the uv-plane using the CASA task uvmodelfit, and the
resulting source parameters for each of the three weighting schemes in the image plane and
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uv fit results are provided in Table 10. An additional 10% flux uncertainty was included to
account for the absolute flux calibrator uncertainty. A comparison between the image plane
fitting and uv-fitting for the extracted fluxes is shown in Figure 27. The extracted fluxes
agree within 7% on average for all methods. Average CLEAN beam sizes for the various
weighting schemes were 0.′′47×0.′′38 (Natural), 0.′′33×0.′′22 (Uniform), and 0.′′34×0.′′24
(Briggs).
For the 8 highest signal-to-noise ratio detections (SNR > 40), we also performed
self-calibration, consisting of 2 or 3 rounds of phase-only self-calibration for targets with
sufficient SNR. The number of iterations were determined by repeating self-calibration
until the source residual emission matched the RMS noise level in the remainder of the
field. For the self-calibrated sources, imaging was performed with Briggs weighting with
“robust”=0.5. For the remaining 16 sources with lower SNR, we adopt the fluxes obtained
with natural weighting to maximize sensitivity in the image plane.
3.5 Results
Of the 24 Taurus low mass stars and brown dwarfs observed with ALMA, a total of
21 targets are detected at >8σ levels above the background, a much higher detection
rate than previous sub-mm/mm brown dwarf disk surveys with less sensitive instruments
(e.g., Scholz et al., 2006). There is one marginal detection for J0414+2811 with SNR∼3 in
the cleaned image using Briggs weighting, and SNR∼5 in the cleaned image using natural
weighting (and was undetected with uniform weighting). Two sources – J0419+2819 (V410
X-ray 6) and J0421+2701 – are not detected. The flux densities of the detections range from
1.0 to 55.7 mJy. The non-detections have 3σ upper limits of 0.27 mJy/beam (J04190110)
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and 0.48 mJy/beam (J04213459) based on the rms noise level in the map generated with
natural weighting.
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Table 10. Measured flux density values for the 24 targets in this sample, with the spectral types and corresponding estimated
effective temperatures, luminosities, and masses for the central objects. SC corresponds to sources for which self-calibration has
been performed.
Teff logL∗ M∗(B15) Natural Weighting Briggs Weighting Uniform Weighting uvmodelfit Note
Target SpTy (K) (L) (M) Flux (mJy) Flux (mJy) Flux (mJy) Flux (mJy)
J04292165 M6 2858 -1.566 0.058 7.35±0.19 7.21±0.34 6.98±0.38 7.28±0.22
J04141188 M6.25 2836 -1.628 0.053 1.06±0.21 0.71±0.20 ≤0.55 1.25±0.30
J04230607 M6 2858 -1.566 0.058 5.94±0.24 5.68±0.35 5.7±0.4 6.36±0.23
J04262939 M6 2858 -1.566 0.058 5.4±0.13 5.7±0.22 5.58±0.25 5.61±0.15
J04381486 M7.25 2747 -1.881 0.035 1.36±0.11 1.66±0.24 1.62±0.30 1.57±0.16
J04382134 M6.5 2814 -1.689 0.048 2.8±0.12 2.62±0.18 2.62±0.21 2.75±0.15
J04390163 M6 2858 -1.566 0.058 1.3±0.16 1.13±0.26 1.48±0.59 1.73±0.26
J04390396 M7.25 2747 -1.881 0.035 2.46±0.13 2.33±0.21 2.23±0.23 2.28±0.15
J04400067 M6 2858 -1.566 0.058 9.74±0.25 7.81±0.21 7.84±0.23 7.93±0.15 SC
J04414825 M7.75 2696 -2.02 0.028 3.41±0.14 3.34±0.22 3.45±0.26 3.52±0.16
J04144730 M4 3191 -0.701 0.199 18.68±0.26 15.03±0.50 15.05±0.58 14.96±0.19 SC
J04161210 M4.75 3027 -0.959 0.135 5.71±0.17 5.47±0.30 5.38±0.38 5.84±0.19
J04181710 M5.75 2883 -1.488 0.053 1.35±0.16 1.18±0.21 1.14±0.24 1.51±0.19
J04202555 M5.25 2943 -1.15 0.101 18.31±0.27 14.43±0.40 14.21±0.44 15.32±0.19 SC
J04284263 M5.25 2943 -1.15 0.101 1.53±0.14 1.67±0.24 1.76±0.31 1.89±0.23
J04322210 M4.75 3027 -0.959 0.135 55.65±0.54 48.28±0.75 48.4±0.85 47.77±0.23 SC
J04334465 M4.75 3027 -0.959 0.135 40.25±0.37 35.18±0.68 35.18±0.71 36.33±0.23 SC
J04385859 M4.25 3133 -0.777 0.177 30.00±0.30 26.75±0.45 26.56±0.49 28.29±0.22 SC
J04393364 M5 2982 -1.056 0.117 9.46±0.25 8.09±0.23 8.19±0.27 7.97±0.16 SC
J04394488 M5 2982 -1.056 0.117 11.26±0.27 9.01±0.25 8.7±0.26 9.44±0.16 SC
J04555605 M4 3191 -0.701 0.199 1.01±0.10 1.61±0.36 1.66±0.51 1.47±0.15
J05075496 M4 3191 -0.701 0.199 2.88±0.12 2.9±0.23 2.93±0.28 3.06±0.17
J04213459 M5.5 2911 -1.236 0.088 ≤ 0.29 ≤ 0.41 ≤ 0.48 – Non-Det.
J04190110 M4.5 3078 -0.864 0.155 ≤ 0.27 ≤ 0.39 ≤ 0.47 – Non-Det.
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Figure 27. Flux density derived from CASA imfit routine applied to the non–self-calibrated
continuum maps generated with different weighting schemes (natural – red, Briggs – blue,
uniform – green) as a function of the flux density derived from CASA uvmodelfit routine
applied to visibilities. Errorbars shown are 3σ uncertainties. The results are consistent, with
an average difference of 7%.
The ALMA 885µm flux densities are plotted against the selection criterion of the
Herschel 70µm flux densities in Figure 28. Although the detection of 70µm emission is
well correlated with an ALMA 885µm detection, the flux density levels show no dependence,
with approximately an order of magnitude scatter in the ALMA value for a given 70µm
level. The two 885µm upper limits are also not restricted to the faintest 70µm sources.
There is no qualitative distinction in distributions of ALMA flux densities between the
stellar M4-M5 and substellar M6-M7 populations. The transition disks identified by several
studies (Currie and Sicilia-Aguilar, 2011; Cieza et al., 2012; Bulger et al., 2014) are labeled
in Figure 30. Spanning the range of measured flux values for the full sample, the transition
disks are not associated with lower 885µm emission.
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Figure 28. Measurements and upper limits at 885µm from ALMA as a function of
Herschel measurements at 70µm for each source in the sample. The M4-M5.75 subset is
shown as blue circles and the M6-M7 subset is plotted as red stars.
The ALMA results form one of the largest sets of sub-mm detections of low mass
objects to-date and define the lower boundary of the detected flux densities as a function
of spectral type for Taurus. Figure 29 plots the Class II Taurus members with 850µm or
890µm detections. The faintest brown dwarf disks are a factor of ∼500 lower than the
brightest disks around early K-stars. Despite the large difference in the typical level of
emission, both the earlier and later spectral types exhibit a considerable dispersion of at
least a factor of 10 about the average value.
Among the ALMA-observed TBOSS targets in this sample, three are known binaries
(Itoh et al., 1999; Konopacky et al., 2007; Kraus et al., 2012), two are previously identified as
binary candidates (Kraus et al., 2012), and a target within our sample also shows a 885µm
detection from a secondary source unassociated with any previously identified companions
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Figure 29. The new ALMA 885µm fluxes from the 24 targets in our study (red stars and
blue circles), as a function of spectral type, shown with a previous compilation of measured
or extrapolated 890µm fluxes for Class II Taurus members from Andrews et al. (2013)
(gray squares), with the survey sensitivity limit shown for comparison (gray dashed line).
or candidates. Separations of the components are listed in Table 11. For the binary with a
separation less than the beam size – J04292165 – the continuum emission detection cannot
be divided into primary and secondary disks, though the emission appears slightly extended
and follow-up higher resolution mapping would determine the relative contributions from
each component of the binary system. The total flux density is reported in Table 10 for this
system. Two targets – J04284263 and J04394488 – are binaries with separations greater than
the beam size. The subarcsecond pair J04284263 is not spatially resolved in the ALMA map
in Figure 31, while the ∼3′′ pair J04394488 exhibits clear emission from both components.
For the system J04181710, a secondary source 9.′′6 in separation from the target was detected
at 3σ ; however, a corresponding source has not been previously reported in the literature
for this target, making the background or associated nature of the source uncertain. For
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Table 11. Binary companion candidates and their corresponding ALMA measurements
within this study. Candidates denoted by ∗ are not spatially resolved in the ALMA maps.
Cand. Flux Sep. Pos. Ang.
System (mJy) (asec) (deg) Ref.
J04181710 0.99 ± 0.16 9.6 77.6 (1)
J04394488 1.61 ± 0.18 3.1 324.8 (1), (2)
J04202555 ≤ 0.42 4.62 267.6 (3)
J04230607 ≤ 0.42 6.44 291.6 (3)
J04284263 ∗ 0.64 10 (4)
J04292165 ∗ 0.22 268.6 (5)
both the known binary and new candidate detections, the secondary disks are weaker in
both cases, and the lower flux densities are reported in Table 11. An additional two targets –
J04202555 and J04230607 – were previously noted as binary candidates with separations
≤ 4.′′6 (Kraus et al., 2012). Neither of these candidates are detected in the wider field maps
in this study, and the 3σ upper limits at the positions of the candidates are included in
Table 11.
By combining the new 885µm data with previously reported photometry from the
literature (compiled in mJy with original references in Bulger et al., 2014), the SED for
each source was constructed. Each source SED is presented in Figures 31 and 32, along
with the associated ALMA continuum map. For the majority of the targets, the ALMA flux
density is the only detection in the submm/mm wavelength range critical for estimating disk
masses.
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Figure 30. The new ALMA 885µm fluxes from the 24 targets in our study. All but two of
the targets are detected in the continnum measurements, which are both transition disks.
However, additional transition disks (circled) are also found within the very low-mass star
(VLMS) population within our sample, and a single truncated disk (square) was identified
for one of the brown dwarfs in our sample.
3.6 Discussion
3.6.1 Calculations of Disk Masses from Analytic Relations
The Taurus target flux densities reported in Table 10 are converted into estimates of the
disk dust mass through two approaches – applying flux-mass scaling relations and fitting
radiative transfer models to the SEDs including the new ALMA 885µm values. For this
analysis, the natural weighting map fluxes are used for consistency, however the results are
not dependent on the procedure applied to determine fluxes as shown in Figure 27. The
analytic expression utilized to estimate disk masses is:
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Figure 31. SEDs and continuum maps for targets with spectral types M4 – M5.75. Map
intensity corresponds to flux density in mJy. All contours are 5σ , except in the case of
J04181710, where 3σ contours are shown for a wide companion candidate detection. Beam
sizes are indicated with white ellipses, with typical sizes of 0.′′47×0.′′38.
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Figure 32. SEDs and ALMA continuum maps for targets with spectral types M6 and later.
Map intensity corresponds to flux density in mJy. All contours are 5σ . Beam sizes are
indicated with white ellipses, with typical sizes of 0.′′47×0.′′38.
logMdust = logSν +2logd− logκν − logBν(〈Tdust〉), (3.1)
where Sν is the ALMA flux density, d is the distance, κν is the dust opacity, and
Bν(〈Tdust〉) is the blackbody function at the dust temperature (Hildebrand, 1983). A distance
to Taurus of 140pc (Kenyon et al., 1994; Bertout et al., 1999; Torres et al., 2009) is used
in the calculation. The opacity was scaled to the observation wavelength of 885µm from
the assumptions of κ1.3mm=2.3cm2g−1 and κ ∼ ν0.4 (values corresponding to the opacity
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of a standard mixture of astronomical silicates with maximum grain size amax = 1mm and
power law distribution with slope=-3.5), similar to previous studies (Andrews et al., 2013;
Carpenter et al., 2014).
Two different relations are used to find the average dust temperature for each target.
For the first estimate of the dust mass, the average dust temperature is calculated from the
scaling law based on the luminosity of the central object that was calibrated with stellar
models in the range L∗ = 0.1 – 100 L and applied to surveys of more massive targets
(Andrews et al., 2013):
〈Tdust〉= 25(L∗/L)1/4K. (3.2)
For the targets in our sample, we adopt the luminosities from a scaled spectral type and
effective temperature relation, described in further detail in Section 3.6.3 and Appendix B.
The corresponding stellar luminosities are provided in Table 10. Using the object luminosity,
the dust temperature from Eqn. 3.2 was input to Eqn. 3.1, following the revised temperature
scaling relations at different disk radii listed in Table 12 (dust temperature shown as a
function of stellar luminosity at both 1 and 10 Myr ages is provided in Appendix B.2). The
resulting dust temperatures and estimated disk dust masses from this method are listed in
Table 13.
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Table 12. 1 Myr disk dust temperature power law coefficients, from the relations provided
in van der Plas et al. (2016).
Tdust = A(L∗/L)B
Disk Outer Radius Amplitude Index
(AU) (A) (B)
100† 25† 0.25†
10 57 0.23
20 41 0.22
40 30 0.19
60 25 0.17
80 23 0.16
100 22 0.16
200 18 0.15
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Table 13. Dust Masses
Target Tdust = 25(L∗/L)0.25 R=10 AU R=20 AU R=40 AU R=60 AU R=80 AU R=100 AU R=200 AU
Tdust(K) Mdust(⊕) Td (K) Md(⊕) Td (K) Md(⊕) Td (K) Md(⊕) Td (K) Md(⊕) Td (K) Md(⊕) Td (K) Md(⊕) Td (K) Md(⊕)
J04292165 23.4 1.50 53.6 0.53 38.7 0.78 28.5 1.15 23.9 1.45 22.0 1.63 21.1 1.73 17.3 2.33
J04141188 9.2 1.06 22.6 0.23 16.9 0.35 14.0 0.48 12.6 0.57 12.1 0.61 11.6 0.67 9.8 0.91
J04230607 11.6 3.69 28.2 0.94 20.9 1.42 16.8 1.98 14.8 2.40 14.1 2.62 13.5 2.83 11.4 3.84
J04262939 9.6 4.83 23.7 1.08 17.7 1.65 14.5 2.26 13.1 2.71 12.5 2.93 12.0 3.18 10.2 4.34
J04381486 6.4 3.19 16.4 0.47 12.4 0.75 10.7 0.99 9.9 1.14 9.6 1.22 9.2 1.33 8.0 1.85
J04382134 10.5 2.11 25.7 0.50 19.1 0.76 15.5 1.05 13.9 1.27 13.2 1.38 12.6 1.49 10.7 2.03
J04390163 13.6 0.61 32.6 0.17 24.0 0.25 18.9 0.36 16.5 0.44 15.6 0.48 14.9 0.52 12.5 0.70
J04390396 11.6 1.54 28.1 0.39 20.8 0.59 16.7 0.82 14.8 1.00 14.1 1.09 13.4 1.18 11.3 1.60
J04400067 10.3 5.75 25.1 1.35 18.7 2.05 15.2 2.82 13.6 3.40 13.0 3.69 12.4 3.99 10.5 5.44
J04414825 9.5 3.15 23.4 0.70 17.5 1.06 14.4 1.45 12.9 1.74 12.4 1.88 11.8 2.04 10.1 2.79
J04144730 18.9 4.05 44.0 1.33 32.0 1.96 24.2 2.84 20.6 3.55 19.2 3.95 18.4 4.22 15.2 5.67
J04161210 13.4 2.75 32.1 0.77 23.7 1.15 18.7 1.61 16.4 1.98 15.4 2.17 14.8 2.33 12.4 3.16
J04181710 14.2 0.59 33.8 0.17 24.9 0.25 19.5 0.36 17.0 0.44 16.0 0.48 15.3 0.52 12.8 0.70
J04202555 11.5 9.41 28.0 2.40 20.8 3.62 16.7 5.03 14.8 6.10 14.0 6.66 13.4 7.19 11.3 9.76
J04284263 12.1 0.88 29.3 0.23 21.7 0.35 17.3 0.48 15.3 0.59 14.5 0.64 13.8 0.69 11.7 0.94
J04322210 13.0 23.25 31.3 6.37 23.1 9.55 18.3 13.41 16.0 16.41 15.1 17.99 14.5 19.36 12.2 26.21
J04334465 18.1 10.81 42.3 3.47 30.8 5.15 23.4 7.41 20.0 9.26 18.7 10.27 17.9 10.99 14.8 14.79
J04385859 12.9 14.53 31.0 3.96 22.9 5.94 18.2 8.34 16.0 10.20 15.1 11.18 14.4 12.03 12.1 16.29
J04393364 13.8 3.41 33.0 0.97 24.3 1.44 19.1 2.04 16.7 2.50 15.7 2.75 15.0 2.96 12.6 4.00
J04394488 21.1 2.16 48.8 0.74 35.3 1.09 26.4 1.59 22.3 2.00 20.6 2.23 19.7 2.38 16.3 3.20
J04555605 17.9 0.30 42.0 0.10 30.6 0.14 23.3 0.21 20.0 0.26 18.6 0.29 17.8 0.31 14.8 0.41
J05075496 13.3 1.40 31.9 0.39 23.5 0.58 18.6 0.82 16.3 1.00 15.4 1.10 14.7 1.19 12.3 1.60
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The dust temperature scaling given in Eqn. 3.2 predicts very low temperatures for these
low luminosity targets, with average values of 13 K, comparable to the ambient molecular
cloud. A different temperature-luminosity relation is more appropriate for spectral types
of ∼M5 and later, as explored in our previous paper (van der Plas et al., 2016). Both the
normalization factor and the power law index in Eqn. 3.2 vary depending on a number of
factors, with the assumed outer radius of the disk being the dominant parameter. For a
second analytic estimate of the disk dust mass, we explore a range of radii from 40 au to
200 au, adopting 100 au as the intermediate value with a scaling of:
〈Tdust〉= 22(L∗/L)0.15K (3.3)
as estimated in Appendix B.2 for a 1 Myr population, following the approach of van
der Plas et al. (2016). The resulting systematically higher dust temperatures and lower dust
masses are reported within the final table in the Appendix (the full range of dust masses
calculated for disk radii from 10 au – 200 au is provided). As expected, the differences are
most pronounced for the lowest luminosity objects, with variation in dust mass of ∼2.5×
between the 40 au disks and 200 au disks.
3.6.2 Calculations of Disk Masses from Radiative Transfer Models (MCFOST)
The final approach to determining disk masses from the ALMA measurements involves
a combination of the ALMA data with photometry at other wavelengths and a comparison
with models generated with the Monte Carlo 3D continuum radiative transfer code MC-
FOST (Pinte et al., 2006, 2009) which produces synthetic SEDs. In the MCFOST routines,
photons from the central object are propagated through the disk with a model incorporating
a combination of scattering, absorption, and re-emission. The MCFOST parameters related
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to the central source are the central object effective temperature Teff, object radius R, and
luminosity L∗. These values are listed for each source in Table 14, where the stellar radius
and value of Av for each source were derived with SED fitting in the previous Herschel
TBOSS study by Bulger et al. (2014). The effective temperatures were estimated from the
spectroscopically-determined spectral types reported in the literature (references in Table 7)
and the temperature scales from Luhman et al. (2005) and Kenyon and Hartmann (1995b).
A set of 9 parameters are used to define a disk structure and dust population: dust mass Mdust,
inner radius rin, outer radius rout = 100AU, scale height H0 at a reference radius ro, flaring
profile exponent for the disk height H(r)∼ rβ , surface density profile Σ(r)∼ rb, minimum
grain size amin = 0.01µm, maximum grain size amax = 3mm, and the grain size distribution
N(a) ∼ a−3.5, with a corresponding continuum opacity κ = 2.78cm2/g at 870µm. The
final parameters are the disk inclination i and the reddening Av. Since none of the objects
are in the more embedded Class I phase, a single continuous disk model was used, with no
envelope component.
We apply a genetic algorithm approach, previously employed in Mathews et al. (2013),
to explore five free model parameters – Mdust, H0, rin, β , and surface density index. These
parameters are iteratively varied over a range of values to construct a minimal χ2 distribution.
For each target, the genetic algorithm begins with an initial generation of models uniformly
sampled over the free parameter minimum and maximum ranges given in Table 15, and
calculates χ2 values for each model. A successive generation of models is then generated by
selecting from the previous generation of parent models, with parameters randomly sampled
from the parent model parameters. Within the successive generation, a “mutated” subset
of models is created by varying one-tenth of the parent parameter ranges for a fraction of
models. The process is continued for following generations, with the range of parameter
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Table 14. Stellar parameters used in MCFOST models.
Target Teff log[L∗] R∗ Av
(K) (L) (R) (mag)
J04141188 2963 -1.746 0.873 2.5
J04144730 3270 -0.49 1.734 0.7
J04161210 3162 -1.084 1.385 2
J04181710 3023 -0.987 0.422 2.8
J04190110 3058 -0.454 0.589 1.1
J04202555 3091 -1.343 0.487 1.6
J04213459 3058 -0.912 1.136 0.9
J04230607 2990 -1.332 0.942 1.5
J04262939 2990 -1.655 0.377 1.6
J04284263 3091 -1.258 1.217 1.3
J04292165 3091 -0.115 1.884 0.4
J04322210 3162 -1.134 1.385 1.4
J04334465 3162 -0.565 0.554 3.0
J04381486 2837 -2.358 0.579 1.0
J04382134 2935 -1.507 0.794 0.6
J04385859 3234 -1.148 0.622 1.5
J04390163 2990 -1.054 1.13 0.5
J04390396 2837 -1.336 0.552 0.5
J04393364 3125 -1.031 1.300 1.0
J04394488 3125 -0.295 2.600 0.5
J04400067 2990 -1.547 0.377 0.5
J04414825 2752 -1.683 0.634 1.3
J04555605 3270 -0.576 1.652 0.0
J05075496 3270 -1.095 1.652 1.2
variation and mutation rate dependent upon the resulting χ2 values, optimizing to more
densely sample the parameter space near the minimum of the distribution. The best-fit
parameter values corresponding to the minimum χ2 for each SED fit are listed in Table 16,
and the dust masses are compared with the analytically-derived masses in Figure 33. SEDs
with the resulting best-fit MCFOST models are provided in Appendix B.3 for each of the
stellar and brown dwarf targets (Figures 73 and 74, respectively).
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Figure 33. Comparison of the MCFOST model disk dust masses and the
analytically-derived masses. Estimated masses assuming disk radii of 40 and 200 au (red
and blue circles, respectively), and the MCFOST masses (open circles) are compared
against the analytic result for a 100 au disk case on the x-axis. The black line represents the
corresponding values for the 100 au case plotted against themselves. The MCFOST model
results agree well within the ranges of masses inferred from the 40-200 au analytic
estimates, and appear more consistent with the 40 au disk dust masses.
Table 15. MCFOST Model Parameter Ranges
Parameter Minimum Maximum
Disk Mass, Mdust 10−8 10−4
Scale Height, H0 5 25
Inner Radius, rin 0.01 1.0
Disk Flaring Index, β 1.0 1.3
Surface Density Index -1.5 0.0
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Table 16. Genetic algorithm results with SED fitting in MCFOST.
Target Mdust H0 rin β Surf. Dens. χ2
(M⊕) (AU) (AU)
J04144730 3.00 18.5 0.01 1.2 -0.65 45
J04161210 2.16 23.5 0.05 1.2 -1.4 100
J04181710 0.33 23.5 0.02 1.08 -0.5 10
J04190110 0.10 18 1 1 -1.05 500
J04202555 6.66 14.5 0.4 1.2 -0.35 55
J04213459 0.11 17.5 0.04 1.25 -1.25 125
J04230607 2.00 16 0.08 1.2 -0.75 15
J04262939 4.16 18.5 0.04 1.08 -0.3 13
J04284263 0.67 18 0.02 1.08 -0.75 58
J04292165 0.67 22.5 0.05 1.08 -0.4 42
J04322210 23.31 11 0.05 1.27 -0.8 35
J04334465 16.65 14 0.05 1.08 -0.9 16
J04381486 2.66 25 0.03 1 -1.4 600
J04382134 1.50 20 0.02 1 -1.2 20
J04385859 18.31 10.5 0.08 1.09 -0.4 9
J04390163 0.33 12 0.02 1.07 -0.55 10
J04390396 0.92 19.5 0.04 1.1 -0.25 33
J04393364 4.16 15 0.08 1.06 -0.55 17
J04394488 1.33 20 0.08 1.16 -0.5 45
J04400067 3.33 10.5 0.11 1.23 -0.8 60
J04414825 1.66 20 0.9 1.13 -1 35
J04555605 0.58 18 0.3 1.3 -1.4 500
J05075496 0.75 16.5 0.07 1.14 -0.4 10
3.6.3 Disk Mass as a Function of Central Object Mass
The disk masses determined from the new ALMA data represent the lowest mass
component of the Taurus population and can be placed in the context of the full spectrum
of disks by combining with previous results on higher mass Taurus members. The results
from an SMA snapshot survey combined with previous single dish measurements provide
a catalogue of measured or extrapolated 890µm flux densities for a sample of 179 Taurus
systems (Andrews et al., 2013), to which the 24 ALMA results are added. The stellar mass
of each Taurus member observed in either study is determined by relating the spectral type
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of the target to a corresponding effective temperature scaling from Herczeg and Hillenbrand
(2014), and a comparison of the evolutionary models of Baraffe et al. (1998) and Baraffe
et al. (2015, hereafter BHAC15), and the MESA models for higher mass targets (Choi et al.,
2016). Further description of the mass and luminosity estimation method for the central
stars/brown dwarfs is provided in greater detail in Appendix B.
The masses adopted from the new BHAC15 and MESA models are updated from
those reported in the Andrews et al. (2013) compilation, which utilized an older suite of
models (D’Antona and Mazzitelli, 1997; Baraffe et al., 1998; Siess et al., 2000) that yield
systematically lower masses at lower luminosities and higher masses at higher luminosities.
The disk masses of the sources detected with the SMA or single dish surveys are estimated
with Eqns. 3.1 and 3.2 and plotted on Figure 34 as a function of object mass. Given the
underestimated temperatures from Eqn. 3.2 for the lower mass sample, the ALMA sample
disk masses plotted in Figure 34 are estimated with the temperature-luminosity scaling in
Eqn. 3.3. Like the more massive host stars, the low mass ALMA-detected sources exhibit
a large spread in disk mass for a given host mass, since the sensitivity limit is sufficient
to detect most disks and not only the upper envelope of sources. The ALMA 3σ limit is
0.27–0.49 mJy/beam compared to ∼3 mJy for the previous survey (Andrews et al., 2013).
To gauge the decline in disk mass as a function of central object mass, two comparison
lines assuming a gas to dust ratio of 100:1 are also plotted, representing disks of 0.2% and
0.6% of the mass of the central object. The 0.2%–0.6% range was found to cover many
of the least massive disks using the 100 au scaling relation, corresponding to the average
scaling factor for the linear Mdisk ∼Mstar range found by Andrews et al. (2013). Despite
the higher dust masses obtained from the revised analytical relation, the TBOSS data are
consistent with the general trend of decreasing disk mass with declining central object mass,
suggesting a common formation mechanism across the full mass spectrum.
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Figure 34. Taurus-only disk dust mass vs. object mass for detections within our sample (red
stars) and the full Class II Taurus population with sub-mm detections from Andrews et al.
2013 (black points). Stellar parameters are derived from spectral types and the evolutionary
models of Baraffe et al. 1998 (left figure) and Baraffe et al. 2015 (right figure), assuming an
age of 1 Myr. The x-axis errorbars correspond to the possible range of derived stellar
masses assuming 0.5 subclass error on the spectral type. The y-axis errorbars correspond to
the range of dust mass within the disks, assuming at minimum a disk radius of 40 au (lower
limit) and maximum of 200 au (upper limit), and incorporate a 10 % absolute flux
calibration uncertainty. Open points signify systems identified as binaries. Overlaid in
dashed lines are the 3σ sensitivity limits for our survey (0.39 mJy; red line) and Andrews et
al. 2013 (3 mJy; black line). Also shown are the lines of disk mass proportional to stellar
mass (dotted black lines), and the stellar/substellar boundary at 0.08M (blue vertical
dot-dashed line).
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Table 17. Comparison of this study and Andrews et al. (2013; A13) with Class II
Membership from Luhman et al. (2010).
Spectral Type Total Class II A13 Observed A13 Detected ALMA Observed ALMA Detected
< M4 115 114 74 0 0
≥M4 68 63 19 24 22
The completeness of the combined Taurus samples can be quantified by comparing the
total population of Taurus Class II targets to the observed and detected targets within this
study and Andrews et al. (2013). The total sample of Taurus Class II targets is drawn from
the 99% complete study by Luhman et al. (2010), and tallied in Table 17.
For spectral types earlier than M4, the observed Andrews targets encompass 99% of the
Luhman population, and for later spectral types M4 and later across the stellar/substellar
boundary, 93% of the Luhman population. Of these, 65% of targets earlier than M4 and
30% of targets M4 and later were detected by Andrews. In comparison, 22 targets in the M4
and later population were detected in this study, bringing the very low-mass star and brown
dwarf (≥M4) detection rate to approximately 50%.
3.6.4 Disk Mass as a Function of Time
To investigate the evolution of the disk dust mass, the results from the Taurus ALMA
sample are compared with our ALMA pilot study of low mass Upper Sco members (van
der Plas et al., 2016), shown in Figure 35. Both samples are too small in number and too
biased toward detections to address the frequency of submm-detected disks over time, but
the measured flux densities converted to disk masses can be used to study how the mass
changes with age. The ages of the two samples, with ∼1-2 Myr for Taurus (e.g., Kraus
and Hillenbrand, 2009) and ∼5-10 Myr for Upper Sco (Blaauw, 1978; Pecaut et al., 2012),
cover important timescales in planet formation and disk evolution, including formation of
giant planets by gravitational instability (<1 Myr; Boss, 1997) or core accretion (∼10 Myr;
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Figure 35. Results from the TBOSS sample and the Andrews sample shown with the Upper
Sco population for comparison from Mathews, van der Plas, and Barenfeld (square
symbols). Lines of survey sensitivity, disk mass proportional to stellar mass, and the
stellar/substellar limit are as in the previous figure. Dust mass and stellar mass estimations
assume a population age of 10 Myr for Upper Sco vs. 1 Myr for Taurus. The three previous
Upper Sco surveys cover a wide range of stellar masses and have significantly lower dust
masses, corresponding to approximately 0.5 dex decrease between the two populations.
e.g. Pollack et al., 1996), the onset of terrestrial planet formation (∼3-10 Myr; Chambers
and Wetherill, 1998), and the dissipation of gas-rich primordial disks (∼3 Myr; Luhman
et al., 2010).
The disk dust mass as a function of host mass for the Taurus and Upper Sco samples
are plotted in Figure 35. The Taurus component is the same as in Figure 34, described
in Section 3.6.1. The Upper Sco mass values are drawn from a single dish IRAM survey
(Mathews et al., 2012) and two recent ALMA studies (van der Plas et al., 2016; Barenfeld
et al., 2016). Dust masses for Upper Sco were re-estimated with Eqns. 3.2 and 3.3 in a
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Figure 36. Disk dust mass as a function of stellar host mass for Taurus (circles and star
symbols) and Upper Sco (square symbols) with power-law fits to detections overlaid. The
best-fit regressions from an MCMC approach provide a relation for Taurus of
log[Mdust(M⊕)] = (0.97±0.14)log[Mstar(M)]+(1.15±0.09) with 0.49 dex of intrinsic
scatter (red lines). For Upper Sco, the best fit power-law relation of
log[Mdust(M⊕)] = (0.92±0.18)log[Mstar(M)]+(0.46±0.09) with 0.54 dex of intrinsic
scatter (cyan lines). The slopes between the Taurus and Upper Sco populations are similar
within uncertainties.
self-consistent approach (see Appendix B.2). While a considerable range of disk masses
is present for any given object mass and the lowest mass systems in Taurus overlap with
the highest mass examples in Upper Sco, there is a clear drop in the overall disk mass level
with time. Lines of constant ratio of disk over stellar mass, assuming a gas:dust ratio of 100,
are included in Figure 35 and suggest a decline in disk mass by a factor of 0.5 dex over this
critical time period of ∼1-10 Myr. Best-fit power laws to the detections and upper limits
within each population, are shown in Figure 36, using a Bayesian Markov Chain Monte
Carlo (MCMC) sampling approach (Kelly, 2007). With disk detections at lower host masses,
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the Taurus best fit relation of log[Mdust(M⊕)] = (0.97±0.14)log[Mstar(M)]+(1.15±0.09)
with an intrinsic scatter of 0.49 dex in log[Mdust(M⊕)] is similar to the linear relations seen
in previous surveys of disks around Taurus stellar hosts only. The best-fit power law relation
for Upper Sco of log[Mdust(M⊕)] = (0.92± 0.18)log[Mstar(M)]+ (0.46± 0.09) with an
intrinsic scatter of 0.54 dex in log[Mdust(M⊕)] has a slope similar to that of the Taurus
population within uncertainties.
To compare fits to both left and right censored populations, the Taurus sample was
broken into two distinct populations: those targets with spectral types M4 and earlier, and
those later than M4. Power law fits incorporating upper limits were estimated for each
population separately. The resulting fits are shown in Figure 37. The slope fit to targets
earlier than M4 is steeper than linear, with a value of 1.76±0.31, whereas the fit to targets
M4 and later is nearly consistent with zero, 0.53±0.52, i.e., uncorrelated. The process was
repeated using a delineation between the higher and lower-mass populations at a spectral
type of M6 instead, shown in Figure 38. By shifting the mass limit lower, the slopes for
the late-type population were again consistent with zero (−0.45±1.24), with few objects
surveyed in this region. In comparison, the fit to all targets earlier than M6 had a shallower
slope with a value of 1.24±0.20, which agrees with the full population slope of 0.97±0.14
within uncertainties. When best-fit models to the two-population and combined population
samples are compared with a chi-squared analysis, the separate power laws do not provide a
statistically-significant improvement over the single power law, potentially due to the lack
of correlation for the lowest-mass hosts and the larger uncertainty on slope values when
fitting either population separately.
The level of the decline is predicated on both populations retaining gas-rich disks,
however the Upper Sco targets typically only have upper limits (van der Plas et al., 2016),
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Figure 37. Results from fitting to two separation populations within the combined TBOSS
and Andrews samples. The delineation between the two populations is at a spectral type of
M4, shown with the vertical dashed line. The best-fit regressions from an MCMC approach
provide a relation for Taurus members earlier than M4 of
log[Mdust(M⊕)] = (1.76±0.31)log[Mstar(M)]+(1.36±0.11) with 0.45 dex of intrinsic
scatter (black lines), and a regression to the M4 and later population is best fit by
log[Mdust(M⊕)] = (0.53±0.52)log[Mstar(M)]+(0.66±0.60) with 0.65 dex of intrinsic
scatter (red lines).
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Figure 38. Results from fitting to two separation populations within the combined TBOSS
and Andrews samples. The delineation between the two populations is at a spectral type of
M6, shown with the vertical dashed line. The best-fit regressions from an MCMC approach
provide a relation for Taurus members earlier than M6 of
log[Mdust(M⊕)] = (1.24±0.20)log[Mstar(M)]+(1.23±0.10) with 0.49 dex of intrinsic
scatter (black lines), which agrees to the fit to the full population shown in Figure 36. A
regression to the limited M6 and later population is best fit by
log[Mdust(M⊕)] = (−0.45±1.23)log[Mstar(M)]− (0.58±1.81) with 0.21 dex of intrinsic
scatter (red lines).
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making the total disk mass decline significantly larger. Within the limitations imposed
by the current sample sizes, the brown dwarf disks do not appear to either dissipate more
quickly than their counterpart disks above the substellar limit or to retain an elevated
amount of disk material over time. As is the case with the trend with central object mass in
Figure 34, the substellar objects appear as part of a continuous sequence of disk masses with
a large dispersion rather than a distinct population with inherently different properties or
timescales.
To enable a comparison with a low-mass population at approximately the same age
of Taurus, but in a unique star-forming environment, the brown dwarf population of Rho
Ophiuchus investigated by Testi et al. (2016) is shown for comparison with the Taurus
population in Figure 39. The Taurus and Rho Ophiuchus populations show similar mean and
variance in dust masses for disk hosts with central object masses < 0.08M (Taurus = 2.1 ±
1.4 M⊕, Rho Oph = 2.3 ± 1.6 M⊕). A two-sided Kolmogorov-Smirnov (KS) test produced
no statistically significant difference in dust mass within brown dwarf disks between the
two populations (KS-statistic = 0.25, p-value = 0.86).
3.6.5 Implications for Planet Formation
The observed exoplanet population can provide insight into the amount of planet-forming
material that must be available within primordial disks, enabling a comparison with the
mass inventory in dust estimated from sub-mm flux densities of young Taurus objects. The
average heavy element mass required to form the population of Kepler-detected 2-50 day
period planets was inferred by Mulders et al. (2015). The Kepler-inferred heavy element
masses are plotted in Figure 40 along with the Taurus ALMA results. Since the Kepler
results are confined to short period planets, corresponding to a limited radius within the
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Figure 39. Comparison of the lowest-mass stars and brown dwarfs from our survey and the
Rho Ophiuchus population reported in Testi et al. 2016. While the age of the star forming
regions are thought to be similar at ∼1 Myr, no statistically significant difference in dust
mass is observed between the two regions, suggesting that any differing environmental
effects may not be significant. The boundary between the stellar and substellar limit
(0.08M) is shown with the vertical dashed line.
disks, we also make a comparison with the Minimum Mass Solar Nebula (MMSN, ∼35
Earth masses of dust, ∼11 Jupiter masses of gas and dust; Weidenschilling 1977), since
this covers the entire extent of the planetary system. This is however a solar system-centric
comparison, and it is not currently known how representative the MMSN is of a typical
planetary system. Indeed we know that many exoplanetary systems look very different
from the solar system. In particular, it might well be expected that even if the MMSN
is reasonably representative of G-type stars, it may not be applicable to other spectral
types (cf., a minimum-mass M-dwarf nebula of 53M⊕ of condensates for hosts of stellar
mass 0.46M;Gaidos 2017). The dependence upon the assumptions of disk gas fraction
to solid components also presents a caveat in adopting the MMSN approach. Here, we
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use the canonical gas-to-dust ratio of 100:1, assumed to be a fraction inherited from the
composition of the interstellar medium (Bohlin et al., 1978). The gas-to-dust ratio in the
ISM is dependent upon assumptions of the gas and dust grain physical properties, and it
is uncertain whether the ratio still applies within molecular clouds, with observed values
ranging from 0.5% to 10% in molecular cloud cores and 10-20% deviations from the 100:1
mean within simulations of dusty molecular clouds (Tricco et al., 2017). The physical
processes governing evolution on the disk scale may also change the gas-to-dust ratio, e.g.,
grain growth, decoupling from the disk gas component, and photodissociation; observations
of CO isotopologues in circumstellar disks have shown a wide range in gas-to-dust ratios,
with the majority of systems below the 100:1 value (Williams and Best, 2014). As a lower
gas-to-dust ratio in the disk would necessitate greater amounts of dust to reach the MMSN
value, our comparison using the 100:1 ratio represents a generous estimate for reaching the
limit to form a Jovian planet. Considering a lower gas-to-dust ratio would thus serve to
further the interpretation of the lowest-mass stars rarely forming giant planets.
The Kepler planet host masses are determined from the stellar effective temperature and
mass table given in Pecaut and Mamajek (2013) and the Kepler host star planets compiled
in Mulders et al. (2015). Over 90% of the M-star hosts analysed by Mulders et al. (2015)
are M0-M3, and so the host mass range of the Kepler results only extends down to ∼0.4M,
as plotted in Figures 40 and 41. The heavy element masses from Mulders et al. (2015) trend
upward towards lower stellar masses for planetary systems with 2-50 day orbital periods,
and the larger dust masses for the Taurus population suggest that, on average, disk radii
may extend beyond the detectable period range with Kepler (corresponding to & 0.5 au).
As shown in Figure 40, a substantial fraction of the Taurus sample has larger masses present
in small particles than ultimately coalesce into planets with short periods, while a smaller
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Figure 40. Comparison of our derived dust masses and the dust masses for higher-mass
Taurus members from Andrews et al. (2013) with the heavy element distribution inferred
from Kepler FGKM stars (Mulders et al. (2015); blue diamonds) and the giant-planet
forming limit for the total mass of the disk (gas+dust) from the MMSN, assuming a
gas:dust ratio of 100:1 (grey shaded region).
but still significant fraction contain more mass in dust than the MMSN, particularly for the
earlier spectral types within the M-star population.
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Figure 41. Comparison of the average, median, minimum, and maximum dust masses for
Taurus in terms of disk dust mass (M⊕) as a function of the host stellar mass (M). As in
Figure 40, the Kepler FGKM heavy element masses estimate from Mulders et al. (2015) are
shown as blue diamonds (with right y-axis and upper x-axis corresponding to the heavy
element masses and Kepler host star masses, respectively). The corresponding binned dust
mass values are provided in Table 19.
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Table 18. Disk detection and dust mass frequencies relative to Class II and III populations, with corresponding heavy element
masses from the short-period Kepler planet statistics, and the fraction of disks reaching minimum-mass solar nebula (MMSN)
values.
F-stars G-stars K-stars Early-M Mid-M Late-M Substellar
Mass Range (M) 1.14–1.59 0.9–1.14 0.59–0.9 0.43–0.59 0.245–0.43 0.08–0.245 ≤ 0.08
Num. Class II 1 7 17 45 39 54 21
Num. Class III 0 2 14 13 14 49 27
% Submm Detections – 78 45 41 40 28 13
% >Avg. Heavy Elem. Mass – 56 29 33 - - -
% > MMSN 0 22 16 16 9 1 0
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Table 19. Binned dust mass values for various host mass regimes.
Central Object Properties Disk Dust Mass (M⊕)
SpTy Mass (M) Min. Max. Med. Avg.
F-stars 1.14–1.59 1.95 94.49 26.50 43.74
G-stars 0.9–1.14 3.00 102.56 25.68 39.23
K-stars 0.59–0.9 1.76 303.82 13.07 42.68
Early-M 0.43–0.59 4.27 88.28 21.43 28.17
Mid-M 0.245–0.43 2.31 147.75 7.93 19.19
Late-M 0.08–0.245 0.32 107.72 7.70 13.16
Substellar ≤ 0.08 0.57 7.41 2.59 2.85
While our observations explore a range of grain sizes on the order of the observation
wavelength, an outstanding question remains as to the fraction of mass in undetectable larger
bodies by the age of Taurus. By the age of 1-2 Myr, the rate of dust detection in infrared and
submm/cm surveys suggests that coagulation mechanisms in simulations, while efficient
at growing grains up from sub-micron scales, are insufficient to maintain the small grain
dust population on their own, which must be replenished. This could be achieved with
an equilibrium reached between growth and collisional grinding and fragmentation pro-
cesses (Dullemond and Dominik, 2005). The model from Dullemond and Dominik (2005)
incorporating coagulation with effects of grain settling and mixing as well as fragmen-
tation, suggests that near ∼1 Myr, approximately 0.5 dex greater mass surface density
of the disk is contained within cm-sized grains than submm grains, within a simulated
vertical slice at 1 au. This factor of ∼3 in mass surface density can be compared with
the observational results from longer wavelength studies of disks from the same or similar
star-forming regions. For an M1 member of Taurus-Auriga, CY Tau, Pérez et al. (2015)
analyzed spatially-resolved continuum measurements at 1.3, 2.8, and 7.1mm from the
Disks@EVLA program. They find best fit model parameters on the disk structure which, at
a radius of 1 au, correspond well with the surface density ratio of ∼3x more mass in larger
grains inferred from Dullemond and Dominik (2005), for the ratio of mass surface density
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Figure 42. Cumulative distributions showing estimated total (gas + dust) disk masses as a
fraction of the gravitationally unstable disk mass limit (lower x-axis) and fraction of total
disk mass to stellar mass (upper x-axis), assuming a gas:dust ratio of 100:1. The vertical
blue dashed line indicates the gravitationally unstable limit (Mdisk = 0.1Mstar), and the
horizontal line indicates the median. Taurus populations are from this study (red solid line)
and Andrews et al. (2013) (black solid line), using analytically-derived masses assuming
r = 100 au disks. The Upper Sco population (green solid line) is a combined distribution
from Mathews et al. (2012), Barenfeld et al. (2016) and van der Plas et al. (2016). Dotted
lines indicate limits from extrapolating the mass in cm-sized grains as 3x the measured
sub-mm dust masses, in which case ∼ 30% of Taurus systems would be gravitationally
unstable.
from 1.3mm to 7.1mm. However, with resolved measurements, Pérez et al. find that the
grain size distribution is strongly dependent on location within the disk, corresponding to a
much larger population of small grains in the outer disk and providing strong evidence for
radial drift effects. As the Dullemond and Dominik (2005) models present a simple case
excluding factors such as radial drift and runaway growth, it is likely that simply scaling the
submm-inferred dust mass by a factor of 3x presents a limiting case for mass in sub-mm to
cm-sized objects.
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To illustrate the distributions of disk masses derived from sub-mm observations and the
potential impact of scaling up the Taurus disk masses to also include ∼cm-sized grains, we
show the cumulative distributions of systems as a fraction of the gravitationally unstable disk
mass limit in Figure 42. The gas to dust ratio is assumed to be 100:1 as for the interstellar
medium (ISM), and the limit for a gravitationally unstable disk is taken as Mdisk = 0.1 Mstar.
This places a representative upper limit on the possible mass of the disk and constrains the
range of possible ‘unseen’ mass in larger bodies within the disk. Note that while it is possible
that the gas to dust ratio at the age of Taurus is lower than 100:1, it would presumably have
started at the ISM value and thus the gravitational stability limit we are comparing to would
still have applied earlier in the disk evolution. As shown on Figure 42, the medians of the
Andrews et al. (2013) population and our new TBOSS results are the same at around 10%
of the gravitationally unstable mass limit, and the lower half of the distributions are also
very similar, while the TBOSS sample contains fewer disks approaching the gravitationally
unstable limit. It is notable that the shape of the older Upper Sco distribution is very similar
to that of the Andrews et al. (2013) population, suggesting that the decrease in dust mass
between the ages of Taurus and Upper Sco occurs uniformly across the distributions. For
comparison, a scenario with three times the sub-mm dust mass in cm-sized grains is also
shown for the Taurus samples (dotted red and black lines). This leads to around 20-30%
of systems exceeding the gravitationally unstable mass, suggesting that the mass in larger
objects not seen by our ALMA observations is not this large and that in many cases the dust
we observe in the sub-mm constitutes the bulk of the mass of solid particles in the disk. As
such, at the age of Taurus, planet formation may be in its very early stages.
To place these timescales within the context of our own solar system, isotopic studies
have also placed limits upon the formation timescales of small grains and early parent
bodies (Chambers, 2010), including: calcium aluminum-rich inclusions (CAIs, ≤ 0.2 Myr),
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iron meteorites (≤ 1 Myr), chrondrules (1-3.5 Myr), and the cores of Mars and Vesta
(ranging from 1-10 Myr, although earlier ages of 1.8 Myr for Mars have been posited;
Dauphas and Pourmand (2011)). Given the relative size scales of CAIs and chondrules in
meteorites, on the order of sub-mm and cm-sized grains, these timescales correspond well
to the significant abundance of similar-sized grains detected in 1sub-mm/mm surveys of
protoplanetary disks. Furthermore, the depletion when comparing with Upper Sco suggests
that the majority of planet formation may be taking place between these age ranges, which
would also be in agreement with the formation timescales of larger planetesimals in the
Solar System.
Theoretical models of giant planet formation (e.g., Alibert et al., 2005) suggest that
the MMSN is also roughly the minimum mass required for the formation of giant plan-
ets. As shown in Figure 41, while the upper envelope of disk masses exceeds this
for hosts with masses above the stellar limit, this is not true for hosts below the stel-
lar/substellar boundary. This suggests that the disks of substellar objects are not massive
enough to support giant planet formation within the disks, and that planetary mass com-
panions identified around brown dwarf primaries such as 2M1207b and 2M J044144
(Chauvin et al., 2004; Todorov et al., 2010) may form through a process more similar to
that of binary stars rather than within a planet-forming disk. This suggestion is reinforced
by examining the 245 Taurus Class II and Class III objects with masses in the 0.08-0.6M
range (equivalent to main sequence M-dwarfs). Of these 245 objects, 42 (17%) have disk
masses larger than the MMSN and thus theoretically amenable to giant planet formation.
By comparison large-scale exoplanet surveys indicate that the occurrence rate of giant plan-
ets around M-dwarfs is∼2% (e.g., Cumming et al., 2008; Johnson et al., 2011), suggesting
that the efficiency of forming giant planets from MMSN disks is close to ∼10%, and most
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disks that are theoretically capable of forming giant planets, at least around low mass hosts,
do not do so.
3.7 Summary and Conclusions
In summary, the detections from this initial ALMA Cycle 1 study of 24 M4–M7.75
Class II Taurus members (21 detections at >8σ , one marginal detection at 5σ , and two non-
detections) show that the dramatic increase in sensitivity achieved with ALMA combined
with a target selection based on Herschel PACS 70µm fluxes (Bulger et al., 2014) enable
investigations of the disk properties of the full mass spectrum of young star-forming regions.
The targets represent half of the Class II members in this spectral type range with Herschel
detections and span the full range of PACS 70µm fluxes rather than a subset of the brightest
members. This pilot study includes 7 transition disks and 1 truncated disk, and the non-
detections are both transition disks, though other objects in this class are among the brightest
ALMA detections; the truncated disk is the most marginal detection.
The 885µm continuum flux densities that are the subject of this paper range from 1.0 to
55.7 mJy. The results from the spectral line observations covering the 12CO(3-2) emission
will be reported in the next paper in the TBOSS (Taurus Boundary of Stellar/Substellar)
series (van der Plas et al. 2017, in prep). Applying different approaches to converting the
flux densities to dust masses – several scaling laws and radiative transfer modeling with
MCFOST – results in a factor of 2.5 range in mass estimates, with the radiative transfer
model estimate typically at the lower part of the mass range inferred from scaling laws based
on different disk radii (Andrews et al., 2013; van der Plas et al., 2016). By employing the
relations in Eqn. 3.1 and Eqn. 3.3 that can be applied to all Taurus members with submm
detections, the dust masses for the TBOSS ALMA sample range from 0.3 M⊕ to 20 M⊕,
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comparable to several times the mass of Mars to enough Earth masses to form a giant planet
core (Pollack et al., 1996).
Combining the new ALMA results with the disks around more massive Taurus members
shows a trend of declining disk dust mass with central object mass with a large amount of
scatter (at least one order of magnitude) at any given mass. Considering only detections and
upper limits, the average disk dust mass is fit by a power law of log[Mdust(M⊕)] = (0.97±
0.14)log[Mstar(M)]+(1.14±0.09) over the host mass range of ∼35 MJup – 1M which
encompasses most of Taurus. The brown dwarf disk population appears as a continuous
extension of the low mass stars rather than a distinct set.
Comparing the Taurus detected disks with results from low mass stars and brown
dwarfs in the older Upper Sco region shows that the Upper Sco members have disk masses
comparable to or lower than the lowest mass disks around similar mass host objects. In
contrast to the larger dust masses in Taurus, the decline in mass of dust in small (. 1mm)
particles in Upper Sco may be an indication that planet formation has progressed to the stage
in which most solids are in the form of planetesimals and planets and undetectable at sub-mm
wavelengths. It has long been noted that giant planet formation must complete before the
gas disk dissipates so that they can accrete their gaseous envelopes. Modern theories for the
growth of solid planetesimals, such as the streaming instability (e.g., Youdin and Goodman,
2005; Johansen and Youdin, 2007; Youdin and Johansen, 2007) and pebble accretion (e.g.,
Lambrechts and Johansen, 2012; Levison et al., 2015a,b), which apply to both terrestrial
planets and giant planet cores, proceed rapidly once the processes are initiated and also rely
on the presence of gas. Furthermore, isotopic analysis of solar system meteorites indicates
that large bodies had formed within a few million years of the condensation of the first
solids (e.g., Bouvier and Wadhwa, 2010; Connelly et al., 2008, 2012). As such, the decline
136
in dust mass from Taurus to Upper Sco is aligned with theoretical expectations for planet
formation.
The mass inventory of solids in small particles detected by submm emission typically
exceeds the average heavy-element mass inferred from Kepler short period planetary systems
(Mulders et al., 2015). This comparison quantifies that a sufficient mass reservoir exists
to form the Super Earth and mini Neptune planets that constitute the bulk of the Kepler
exoplanet discoveries and that the timescale for formation may exceed the ∼1-2 Myr
age of Taurus. While the majority of disks appear to be sites conducive to small planet
formation, a much lower proportion of disks have a total mass large enough for giant planet
formation based on a standard 100:1 gas:dust ratio and a threshold disk mass of ∼0.01M
(Alibert et al., 2005). Among Taurus members with masses in the range of Main Sequence
M-stars (0.08-0.6 M), the frequency of observed candidate giant planet-forming disks is
17%, greater than the ∼2% frequency of giant planets, suggesting a relatively low efficiency
for giant planet formation. By contrast, none of the brown dwarf Taurus members have
total disk mass estimates above the giant planet formation threshold, suggesting that imaged
planetary mass companions to brown dwarfs did not originate in disks.
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Chapter 4
GEMINI PLANET IMAGER SPECTROSCOPY OF THE BROWN DWARF
COMPANION HD 206893 B
4.1 Introduction
The population of low-mass directly-imaged companions, ranging from brown dwarfs to
extrasolar giant planets, presents an ideal laboratory to test formation mechanisms, measure
atmospheric properties in comparison with the host star, and play a key role in placing
constraints upon the frequency of companions inaccessible with the transit, microlensing, or
radial velocity methods. The population of directly-imaged giant planets remains small (see
review by Bowler, 2016), and complementing the population of higher-mass brown dwarf
companions at a wide range of separations. Together with both the free-floating planets
(e.g., Liu et al., 2013; Gagné et al., 2015; Kellogg et al., 2016; Schneider et al., 2016) and
field brown dwarfs (e.g., Burgasser et al., 2006a; Kirkpatrick et al., 2011), brown dwarf
companions provide an intriguing population for study and comparison as more readily
characterizable analogs to planetary companions.
Within the brown dwarf population itself, a wide diversity of properties has been
observed, in terms of spectral features, intrinsic color, and luminosity. Spectroscopic
analysis has shown that even objects with the same spectral type may have divergent near-
infrared (NIR) colors, with younger objects occupying a significantly redder and fainter
region of color-magnitude space and systematically cooler effective temperatures for low-
gravity objects of the same spectral classification (e.g., Filippazzo et al., 2015). NIR
color-magnitude analyses of field brown dwarfs, planetary-mass companions, and isolated
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low-mass, low-gravity objects have recently demonstrated distinct sequences between the
three populations, corresponding to potential diversity in physical properties across spectral
type, gravity, and age; Liu et al. (2016) found similar photometric properties of isolated
substellar objects and young companions, but also indications of brighter and/or redder
members of the young field population with respect to companions. With the relative
paucity of substellar companions, each new discovery enables exploration of differences
and similarities between various classes of substellar objects, contributing useful context
to aid understanding of brown dwarf/planet physical processes, formation pathways, and
composition.
Using the Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE; Beuzit
et al., 2008) instrument on VLT, the SPHERE High Angular Resolution Debris Disc Survey
(SHARDDS) discovered a low-mass brown dwarf orbiting the F5V star HD 206893 (Milli
et al., 2017). The star was selected as a target for the SHARDDS resolved debris disk study
with the SPHERE/IRDIS instrument (Dohlen et al., 2008) owing to the high fractional IR
luminosity of its disk (Ldust/L∗ =2.3 ×10−4; Moór et al., 2006), and characterized spectral
energy distribution (SED) from Chen et al. (2014). After an initial detection at H-band in
2015, subsequent follow-up in 2016 with VLT/NaCo L
′
imaging using an annular groove
phase mask coronagraph (APGM; Mawet et al., 2005) recovered the source at L
′
. With a
bright luminosity at L
′
= 13.4 relative to H = 16.8, indicating an extremely red color of
the object, the object’s position in the color-magnitude diagram corresponded to the field
dwarf population with spectral types between L5-L9. With two imaged epochs, and an
additional non-detection at the expected position of a background object in archival Hubble
Space Telescope/NICMOS data, Milli et al. (2017) confirmed the companionship of the
object. Without known association to a moving group, and literature ages ranging from
0.2–2.1 Gyr (Zuckerman and Song, 2004; David and Hillenbrand, 2015), the mass range
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of the companion ranged from 24–73MJup using the COND models (Baraffe et al., 2003).
In addition to the brown dwarf detection, the debris disk of the system was also tenatively
detected in the widefield IRDIS data, and marginally resolved in archival Herschel 70µm
data.
With the presence of a circumstellar disk, characterizing the orbital properties of low-
mass companions provides a critical exploration of disk-companion dynamical interaction.
Recent studies with high-contrast imaging techniques are now probing companions at
regions both beyond the warm inner disk like HR 3549 (Mawet et al., 2015), interior to the
inner hole of a debris disk like HR 2562 (Konopacky et al., 2016) and with complicated
geometries consistent with the possibility of additional planets, such as HD 95086 (Rameau
et al., 2016). Even fewer systems have thus far proved amenable to resolved imaging of both
the companion and disk; in addition to β Pictoris, Fomalhaut, and HD 106906, HD 206893
brings the number of systems with both resolved disks and companions to a total of four.
The Gemini Planet Imager Exoplanet Survey (GPIES; Macintosh et al., 2014) is a
dedicated 900-hour direct imaging survey to discover and characterize giant planets within
a sample of over 600 nearby young stars using the integral field spectrograph (IFS) on the
Gemini Planet Imager (Macintosh et al., 2008) at Gemini South observatory. HD 206893
was observed in the H-band as part of normal GPIES campaign observations (prior to
the publication by Milli et al. (2017)) and the companion was noted in the preliminary
data reductions. The target was included in the campaign owing to its proximity, youth,
and strong signatures of infrared excess. Here we present new GPI observations of the
HD 206893 system at H, K1, and K2 bands, providing the first spectra of the brown dwarf
companion. In Sections 4.2 and 4.3, we describe the observation acquisition and data
reduction, post-processing, and analysis techniques. Results are provided in Section 4.4,
including an assessment of the host star properties, companion spectrophotometry and
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modeling, location in the color-magnitude diagram, and astrometric analysis. We examine
the place of this system among the known population of directly-imaged companions and
disk systems and present conclusions on the brown dwarf properties in Section 4.5.
4.2 Observations
As part of the GPIES campaign, IFS coronagraphic observations of HD 206893 were first
obtained in H-band spectroscopic mode on UT 2016-09-22 (program ID GS-2015B-01). A
total of 38×60-second IFS datacubes were taken under atmospheric conditions close to the
median DIMM seeing estimate for Gemini South of ∼ 0.′′65. To apply Angular Differential
Imaging (ADI; Marois et al., 2006a), observations were taken during target transit at a nearly
constant airmass, achieving a total of 32.7◦ of field rotation. To obtain wavelength calibration
and account for instrumental flexure at a similar elevation to the science target, argon arc
lamp frames were taken immediately preceding the science observations. Additional H-
band observations were taken in polarization mode following a sequence of darks after
spectroscopic imaging, but are not included in this analysis.
Following identification of a candidate companion within the October 2016 spectroscopic
data, multi-wavelength observations were conducted within the two months following the
initial H-band observations. Follow-up spectroscopy was obtained on UT 2016-10-21 in
K1 (74×60-second frames; 59.7◦ rotation) and on UT 2016-11-17/18 in K2-bands (for a
two-night total of 148×60-second frames; 29.5◦ rotation), with seeing conditions worse
than median in all three follow-up datasets. To obtain an estimate of the sky contribution at
K1 and K2-bands, 4×60-second sky frames were taken immediately after the K1 science
observations and 10× 60-second sky frames were taken after each of the K2 science
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Table 20. Observation Summary
Night Band λ /∆λ Int. Time Field Rot. Airmass Range Seeing
(UT) (min) (◦) (arcsec)
2016-09-22 H 45 37.7 32.7 1.05-1.06 0.68
2016-10-21 K1 65 73.5 59.7 1.05-1.09 1.17
2016-11-17 K2 75 75.5 14.9 1.12-1.54 1.46
2016-11-18 K2 75 71.5 14.6 1.12-1.40 1.44
sequences. A summary of the instrument modes, observations, and seeing are provided in
Table 20.
4.3 Data Reduction and Analysis
4.3.1 Data Reduction
Calibrated spectral datacubes (x,y,λ ) for datasets in each of the three bands were ob-
tained from the raw IFS data using the GPI Data Reduction Pipeline v.1.4.0 (DRP; Perrin
et al., 2016). Within the GPI DRP, raw IFS frames were dark subtracted then interpolated
over bad pixels. The effects of instrumental flexure on the positioning of individual mi-
crospectra in the IFS frames were accounted for by referencing the contemporaneous arc
lamp frames against a library of deep reference argon arcs (Wolff et al., 2014), producing a
wavelength calibration used to assemble spectral datacubes from the extracted microspectra
(Maire et al., 2014). The resulting datacubes were then flatfielded, interpolated over wave-
length to a common axis, and corrected for geometric distortion (Konopacky et al., 2014),
resulting in spectral datacubes with 37 channels each. With continuing observations of
astrometric calibration fields for the GPIES campaign, the astrometric solution for GPI has
been shown to remain constant within uncertainties (Konopacky et al., 2014; De Rosa et al.,
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2015), and so we apply plate scale and position angle values of 14.166±0.007 mas/pixel
and −0.10±0.13◦E of N.
For the K2 data, sky frames were processed in a similar process to the science frames,
then subtracted from the reduced science cubes to remove both sky and thermal contributions.
To align and register the images, the stellar position behind the GPI coronagraphic occulting
mask was estimated using the four satellite spots present within each slice of the datacube
(Wang et al., 2014). These spots are attenuated replica images of the stellar point spread
function (PSF) introduced by the placement of a two-dimensional amplitude grating at the
pupil plane (Marois et al., 2006b; Sivaramakrishnan and Oppenheimer, 2006), and enable
estimation of the object flux to stellar flux ratio (Wang et al., 2014). The adopted spot-to-star
flux ratios for each filter and associated apodizer were 2.035×10−4 for H, 2.695×10−4
for K1, and 1.905×10−4 for K2.
Outside of the GPI DRP, the fully-calibrated datacubes were further post-processed to
subtract the contribution of the PSF and speckle noise. This was accomplished using three
post-processing techniques: Locally-Optimized Combination of Images (LOCI; Lafrenière
et al., 2007) for the H-band data, classical ADI (cADI; Marois et al., 2006a) for the K1
and K2 data, and pyKLIP for all three bands (Wang et al., in prep.). The resulting images
from the auto-reduced pyKLIP pipeline are shown in Figure 43, which demonstrate the
close separation of the companion to the cornagraphic mask, and the corresponding contrast
curves for each band are shown in Figure 44. For spectral extraction, the choice of LOCI
and cADI algorithms was applied due to the small amount of field rotation at H, preventing
a sufficiently clean region around the companion to use with cADI. With the LOCI pipeline,
the H-band data were first smoothed with a high-pass filter to reduce contributions from the
background, seeing halo, and other low-spatial frequency noise sources. The PSF was then
estimated from a library of reference images to reproduce an image optimized to match the
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Figure 43. Auto-reduced and pipeline-processed PSF-subtracted images of HD 206893 B in
H-band (left), K1-band (middle), and K2-band (right). Images shown are from the pyKLIP
reductions and are median-collapsed. North is up and East is left. Each individual image is
scaled separately to minimize the contributions of residual speckle noise.
spatial distribution of speckles with the following routine parameters: a PSF subtraction
annulus of dr = 5 pixels, optimized region for PSF comparison of 300× the full-width at
half-maximum (FWHM), geometry factor of g = 1, and separation criteria between regions
of Nδ = 0.75. For the K1 and K2 data, cADI was used to perform speckle subtraction,
subtracting the stellar halo contribution by taking the median of all science frames and
subtracting the median from each individual frame.
4.3.2 Spectroscopy and Covariance
From the final PSF-subtracted datacubes, the astrometry of the companion was measured
using the combined broadband images, with reported values listed in Table 21. To extract
spectroscopy of the companion, the process of injecting a negative fake planet was applied
(cf. Marois et al., 2010). A negative template PSF with the estimated position and flux of
the companion was inserted into the raw dataset, and then the post-processing pipelines
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Figure 44. 5σ contrast curves calculated for the reduced images in each band of
observation.
applied above were repeated iteratively to minimize the noise within a 2×2 FWHM region
at the companion position, adjusting the x- and y-positions and flux of the companion in
each iteration. This allowed for correction for any differences in algorithm throughput
between the LOCI and cADI reductions. To account for the overlap region in the K1 and K2
datasets (from 2.10µm – 2.20µm), the K1 spectrum flux scaling was shifted to minimize
the χ2 value between the two spectra, resulting in a shift of 4% downward. The resulting
combined spectrum is shown in Figure 45 with each of the extractions from the H, K1, and
K2 datacubes.
As the raw IFS data include over 36,000 microspectra, the process of spectral extraction
and datacube assembly may introduce significant correlations between the resulting 37
spectral channels in the final datacubes. This effect can be incorporated into the error
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Figure 45. GPI H, K1, and K2 spectrum of HD 206893 B.
budget of the individual spectrophotometric points corresponding to companion flux in each
resulting channel/wavelength slice of the final datacube. Applying the methodology of
Greco and Brandt (2016), we calculate the covariance between channels to better estimate
the spectral uncertainties, an approach which has been applied to other recent analyses of
GPI companion spectra (c.f., De Rosa et al., 2016; Johnson-Groh et al., 2017; Rajan et al.,
2017).
Figure 46 shows the resulting spectral covariance matrices, derived from measuring inter-
pixel correlation within the final PSF-subtracted images. Plotted are the spectral correlations
as a function of wavelength channels for each datacube, where the off-diagonal elements
correspond to correlated noise terms. For each spectrum, the high and low-frequency noise
correlation components, corresponding respectively to read/background noise and speckle
noise, are separated out and introduced into the error budget of the final spectra when
performing a more detailed model fit (preliminary model fits described in Section 4.4).
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Figure 46. Spectral covariance matrices calculated from the PSF-subtracted datacubes, with
the correlation between pixel values at different wavelength slices shown as intensity. The
greatest spectral covariance can be seen at H-band, with broad off-diagonal terms
corresponding to high correlation between adjacent wavelength channels.
4.4 Results
4.4.1 Stellar Properties of HD 206893 A
We present revised age analysis from a model comparison of the stellar SED to BT-
NextGen stellar model grids. Figure 47 shows the combined Stromgren, Geneva, Tycho,
Hipparcos, 2MASS and WISE photometry with the best-fit stellar model applying a Markov
Chain Monte Carlo (MCMC) approach. In Figure 48, the posterior distribution of stellar
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Figure 47. Revised stellar spectrum and best fit model spectrum for the primary star
HD 206893 A, with residuals shown in the bottom panel.
properties from the MCMC analysis is shown. Based upon the age posterior, we find that
the stellar age is most consistent with being ≤600 Myr within a 1σ confidence interval. The
resulting best-fit stellar parameters are provided in Table 21.
As HD 206893 is not known to have a moving group association, we investigated the
possibility of young moving group membership using the Bayesian Analysis for Nearby
Young AssociatioNs (BANYAN) II tool (Malo et al., 2013; Gagné et al., 2014). Given
Hipparcos values of parallax and proper motion (van Leeuwen, 2007), radial velocity
estimates from Gontcharov (2006), and assuming a prior on youth ≤1 Gyr (based on the
stellar SED and infrared excess), BANYAN II provides a 52% probability of membership
within the Argus association and a 48% probability of association with a general young
field population. With some uncertainity on the age of Argus, with a lower estimate of
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Figure 48. Posterior distribution of stellar properties of the primary star HD 206893 A. The
asymmetric distribution on the stellar age suggests an age younger than ∼600 Myr to 1σ
confidence.
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∼40 Myr (Torres et al., 2008) up to 268 Myr (Bell et al., 2015), in addition to the relatively
low BANYAN probability, we consider a range of possible ages to align with the Baraffe
et al. (2002) DUSTY and Baraffe et al. (2003) COND models at 50, 100, 120, and 500 Myr
in our estimation of companion properties in Section 4.4.2.
4.4.2 Integrated Photometry and Model Fitting
In order to estimate the broadband photometry for HD 206893 B, the spectra from
each band were converted into broadband magnitudes by downsampling the Mauna Kea
Observatory (MKO) transmission filter system (Tokunaga et al., 2002) profiles to the
wavelength scaling of the GPI spectra, accounting for the GPI filter profiles, via convolution
with a gaussian filter and interpolation to the GPI wavelength grid. The GPI spectra were
then integrated over the HMKO and KMKO bandpasses to derive the magnitudes in Table 21,
accounting for the zero point corrections. From the derived photometry, the position of
HD 206893 B on a color-magnitude diagram is shown in Figure 49. The H-band photometry
from GPI is consistent with the VLT/SPHERE H-band magnitude reported in Milli et al.
(2017) within uncertainties.
Given the existence of circumstellar material in HD 206893 system, dust extinction
may have an effect on the measured companion magnitudes; however, whether or not the
companion is reddened is currently unknown. To account for potential reddening of the
companion due to the presence of circumstellar dust, reddening values of AV = 3.4 and
5.2 were used in conjunction with the extinction laws of Rieke and Lebofsky (1985) to
estimate the shift in color-magnitude space due to extinction. The choices for AV were
adopted from best-fit extinction estimates for the substellar companion in the CT Cha disk
system (Schmidt et al., 2008; Wu et al., 2015). As CT Cha is much younger (∼2 Myr)
150
−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5 2.0
HMKO - KMKO
10
12
14
16
18
20
M
H
M
K
O
L-dwarfs
T-dwarfs
HD206893B
Planetary-mass objects
Figure 49. MH vs. HMKO−KMKO color-magnitude diagram of L- and T-type brown dwarfs
and known planetary mass objects from Dupuy et al. (2012). With H−K = 1.72,
HD 206893 B (red star) occupies a significantly redder space than the known field brown
dwarfs (gray circles) or young directly-imaged planetary-mass object population (cyan
circles).
than HD 206893, this provides a generous estimate for potential extinction caused by the
less optically-thick HD 206893 debris disk. The resulting de-reddened CMD positions are
shown in Figure 50, with an additional value of AV = 10 shown for comparison to illustrate
the amount of extinction required to meet the red edge of the field L-dwarf sequence.
To determine the spectral properties of HD 206893 B in comparison with known brown
dwarfs and atmospheric models, the combined H, K1 and K2 spectra were analyzed using
the SpeX Prism Library Analysis Toolkit (SPLAT; Burgasser and the SPLAT Development
Team, 2017). Spectral typing was performed within SPLAT with a chi-square minimization
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Figure 50. MH vs. HMKO−KMKO color-magnitude diagram of L- and T-type brown dwarfs
and known planetary mass objects from Dupuy et al. (2012). Symbols are as in Figure 49,
with the three points for HD 206893 B corresponding to AV values of 5 and 3.4 (left to
right).
approach comparing the object spectra against a library of M-, L-, T-, and Y-type spectral
standards drawn from Burgasser et al. (2006a); Kirkpatrick et al. (2010) and Cushing
et al. (2011). The resulting closest match within the spectral library was that of L7.0±0.5
subclasses.
From the contrast curves shown in Figure 44, the sensitivity to companions is estimated
from a simulated planet population, assuming stellar age of 300 Myr and mass of 1.3M.
For each point in separation and planet mass space, corresponding contrast and angular
separation are calculated for 105 planets with randomly-drawn orbital parameters, then
compared to the actual contrasts of the data. The results are shown in terms of completeness
to detectable companions in Figure 51, with the range of values for HD 206893 B indicated.
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Figure 51. Combined sensitivity of the H and K1/K2-band data, expressed in terms of
companion masses as a function of orbital separation. Contrasts are converted into physical
parameters using the re-derived host star properties and COND models.
The combined spectrum of HD 206893 B was compared to grids of theoretical atmo-
spheric models using the BTSettl grid (Allard et al., 2012) and Burrows et al. (2006) grid to
derive estimates of effective temperature, surface gravity, and metallicity. For each model
in the grid, corresponding to each point in [Te f f , logg, [M/H]] space, the model spectrum
was binned to the resolution of the GPI spectra, and the resulting chi-squared statistic
between the model and observed spectra was calculated. (In the case of the Burrows models
incorporating cloud properties, the sedimentation factor was set to clouds with dust grain
sizes of 100µm, given the companion’s red nature.) The resulting best-fit models from the
grid comparisons are shown in Figures 52 and 53. Given the extraordinary redness of the
object, neither suite of models is able to fit the spectrum well, with chi-squared statistics
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Table 21. Properties of the HD 206893 system
Property Value Unit Ref.
Parallax 26.08±0.53, 24.59±0.26 mas 1, 2
Distance 38.3±0.8, 40.6±0.4 pc 1, 2
µα 93.67±0.66, 94.23±0.04 mas/yr 1, 2
µδ 0.33±0.37, 0.16±0.03 mas/yr 1, 2
Age 50-600 Myr 3
HD 206893 HD 206893 B
Spectral Type F5V L7.0 ± 0.5 - 1 / 3
MH (MKO) 2.67±0.06 13.78±0.17 mag 3
MK (MKO) 2.62±0.06 12.07±0.15 mag 3
ML′ 2.48 10.39±0.22 mag 1 / 4
H (MKO) 5.71±0.01 16.82±0.03 mag 3
K (MKO) 5.66±0.01 15.11±0.03 mag 3
L
′
5.52 13.430.170.15 mag 1 / 4
Mass 1.29±0.02M 12 / 20 / 20 / 40a, 45b MJup - 3
Separation - 270.4±2.6 (mas) 4
- 268.8±10.4 (mas) 4
- 262.5±1.4 (mas) 3
- 262.3±1.4 (mas) 3
Position Angle - 69.95±0.55 ◦ 4
- 61.6±1.9 ◦ 4
- 61.69±0.34 ◦ 3
- 61.04±0.32 ◦ 3
of 459 and 1254, and both fits from model grids adopt the lowest possible surface gravity
values at the extreme end of possible parameter ranges.
4.4.3 Astrometric Analysis
With the additional astrometric epochs from the GPI observations presented here (Ta-
ble 21), the original astrometry from VLT/SPHERE and VLT/NaCo published by Milli et al.
(2017) was used to explore the range of potential orbital parameters for HD 206893 B. Fol-
lowing the astrometric analyses described in De Rosa et al. (2015) and Rameau et al. (2016),
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Figure 52. Best fit model to the spectrum of HD 206893 B using the BTSettl models by
Allard et al. (2012), with χ2 = 459. The GPI H, K1, K2 spectrum is shown in black, with
the corresponding BTSettl model in red, with effective temperature of 1200 K, logg = 3.5,
and solar metallicity.
an Bayesian MCMC approach using the emcee package (Foreman-Mackey et al., 2013) was
used to fit the seven orbital parameters: period, semi-major axis, inclination, eccentricity,
sum and difference of argument of periastron and longitude of ascending node, and epoch
of periastron passage. The best-constrained posterior distributions for a subset of selected
orbital parameters are shown in Figure 54, with the most probable 1σ confidence intervals
of semi-major axis of 10+7−2 au, inclination of 135
+15
−11
◦, and less restrictive constraints upon
the eccentricity of 0.29±0.2 and period of 32.6+36.3−11.6 years.
The 100 best-fit orbits corresponding to the measured astrometry are shown in Figure 55,
with plotted orbit colors indicating whether or not the orbit inclination lies within the range
of 120−140◦ or outside it. With the inclination angle of the disk (from face-on) estimated
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Figure 53. Best fit model to the spectrum of HD 206893 B using the models by Burrows et
al. (2006), with χ2 = 1254. The GPI H, K1, K2 spectrum is shown in black, with the
corresponding Burrows model in blue, with effective temperature of 1400 K, logg = 4.5,
metallicity of [M/H] = 0.5, and incorporating clouds with particle size 100µm.
at 40±10◦ from disk modelling presented in Milli et al. (2017), the posterior distribution
on planet orbital inclinations corresponds to the planet likely being co-planar with the disk
(135−90 = 45◦). Furthermore, as highlighted by Milli et al. (2017), the disk position angle
of 60◦ from Herschel/PACS 70µm imaging is similarly aligned with the projected position
of the brown dwarf.
4.5 Discussion and Conclusions
We have presented the first spectra of the brown dwarf companion HD 206893 B,
obtained with GPI at H, K1, and K2 bands. Consistent with the extraordinary red nature at
H−L noted by Milli et al. (2017), new integrated H and K photometry of HD 206893 B
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Figure 54. Posterior distributions for inclination, eccentricity, and orbital separation,
corresponding to the range of orbits consistent with the observed astrometry. The gray
shaded region in the inclination prior corresponds to the published range of disk
inclinations from disk model-fitting presented in Milli et al. (2017).
from GPI show a similarly outlying position on the H vs. H−K color-magnitude diagram,
with H−K = 1.71±0.04 significantly redder than the previously reddest substellar object
identified thus far, 2MASS J22362452+4751425 b (2M2236b), by Bowler et al. (2017)
with H−K = 1.26± 0.18. From comparison to brown dwarf spectral libraries, we find
that the closest matching spectrum is that of a late-type, low-gravity L-dwarf, enabling
comparison with other extremely red objects like 2M2236b (“late-L pec”), 2M1207b (M8.5-
L4; Patience et al., 2010), and PSO J318.5-22 (L7; Liu et al., 2013). The emergent spectrum
of HD 206893 B proves challenging to fit when conducting a preliminary comparison
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Figure 55. Subsample of the 100 best-fit MCMC orbits to HD 206893 B based on four
epochs of combined GPI, VLT/SPHERE, and VLT/NaCo astrometry from 2015-2016
(astrometric points shown in inset). Blue orbits correspond to orbits with inclinations
between 120◦-140◦, with red orbits corresponding to inclinations outside that range.
with atmospheric model grids from Allard et al. (2012) and Burrows et al. (2006), owing
to its enhanced luminosity at K-band, and the closest approximating models have low
temperatures (∼1200 K) and the lowest surface gravities (logg = 3.5− 4.5) available
within each respective grid. From a revised age analysis from fitting the stellar SED and
comparison with young moving group memberships, we provide uncertainties on the stellar
age ranging from 50-600 Myr, adopting 300 Myr for completeness analyses. As the mass of
the companion depends upon the assumed age, the companion mass may range from 12-45
MJup for ages from 50−500 Myr in the COND models.
From the extracted astrometry, we have combined the two epochs of VLT astrometry
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presented in Milli et al. (2017) with the new GPI epochs in H and K2 in this work. From the
existing astrometry, we estimate the orbital period to be 32.6+36.3−11.6 years, with a semi-major
axis of 10+7−2 au and inclination of 135
+15
−11
◦. From previous estimates of the debris disk
inclination and inner gap size of∼50 au as derived from SED modeling in Milli et al. (2017),
this suggests that the brown dwarf is well-within the inner edge of the dust emission and
is co-planar with the disk. With a significant gap between the ∼10 au best-fit semi-major
axis and the 50 au inner disk radius, this leads to the possibility of searching for additional
companions within the gap, along similar lines of reasoning to investigating the architecture
of HD 95086 b (Rameau et al., 2016). Given the achieved contrast in the GPI datasets
presented here, no additional companions are detected in the images, with 90% completeness
to 5MJup down to an an orbital separation of 10−20 au.
This system adds to the growing population of remarkably red planetary mass objects
and free-floating objects, with HD 206893 as the reddest substellar companion identified
to date. With its exceptional color and close orbital separation, HD 206893 B provides an
important comparison to similarly red free-floating objects (e.g., PSO 318) and red, wide
substellar objects like 2M2236b, lending itself to studies of formation and composition
at various orbital separations. The redness of the companion also makes it well-suited to
exploring the effects of clouds, metallicity, and disequilibrium chemistry at cool tempera-
tures in atmospheric models, and would be complemented with additional spectral coverage.
Furthermore, representing only the second detection of a brown dwarf orbiting within the
inner gap of its host debris disk (after HR 2562; Konopacky et al., 2016), this system
presents a key study for estimation of orbital properties to explore dynamical interaction
with its disk and host star. With increased precision on the stellar age, multi-wavelength
spectral analysis with detailed modeling, and continued astrometric monitoring, constraining
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the physical properties of this system will provide critical context for the atmospheric and
formation histories of substellar objects.
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Chapter 5
CONCLUSIONS
This work has encompassed three main studies focusing on the companionship properties
and environmental properties of low-mass stars and substellar objects. The MinMs study
has provided new constraints upon the companionship properties of the nearest M-dwarfs,
demonstrating a substantially lower fraction of M-dwarf binaries in comparison to that
of solar-type stars and higher-mass A-type stars. The closer orbital separations of these
systems also show that, with an average orbital separation on the order of ∼6 au, M-dwarf
binaries tend to be in harder binaries than those of solar type stars at ∼40 au, or A-type
stars at ∼300 au. The closeness of M-dwarf binaries may have a critical effects upon planet
formation within their disks, e.g., through truncation of the protoplanetary disk (Artymowicz
and Lubow, 1994), and binary separation and fraction have also been considered as a
diagnostic for the statistical survival rates of stable planetary systems (e.g., Parker and
Quanz, 2013). Given the sensitivity of the AO imaging data to detecting companions
below the stellar limit, future work for this project entails extending the companion fraction
and population statistics to incorporate brown dwarf companions. This will facilitate an
exploration over a similar range of mass ratio comparable to the range studied for stellar
companions to higher-mass stars. Such comprehensive studies of both the stellar and
substellar binary population statistics for the lowest-mass stars will help establish empirical
constraints for models of binary evolution.
From the ALMA TBOSS study, measurements of the protoplanetary disk properties of
the lowest mass stars and brown dwarfs are providing comparisons between the amount of
planet-forming material and the population statistics derived from exoplanet discoveries
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using various detection techniques. This provides empirical measurements of a “minimum-
mass M-dwarf nebula” in comparison with extrapolations from the known planet population
(e.g., Gaidos, 2017). Via comparison with other protoplanetary disk populations across a
range of environments and ages for different regions, it is possible to begin probing the
evolution of dust grains and potentially constrain the timescales for planetesimal formation
in relation to solar system models (Weidenschilling, 1977; Desch, 2007), as well as contrast
with the ∼few million year timescales for large body formation derived from meteoritic
analyses of primitive solar system materials (e.g., Bouvier and Wadhwa, 2010; Connelly
et al., 2008). With new discoveries like TRAPPIST-1 at the stellar/substellar limit, we
can also begin to perform preliminary assessments of the efficiency of planet formation
processes for the lowest-mass stars.
The system of HD 206893, consisting of an F5V star with an unusually-red brown dwarf
companion, presents a complex laboratory to study the environment and properties of a
substellar companion. With its unusually red infrared colors, HD 206893 B adds to the
limited number of red L-type companion objects which have been distinguished in color
and spectral features from both the young, low-gravity, free-floating brown dwarfs and
the directly-imaged planetary companions like the HR 8799 planets (Marois et al., 2008)
and 2M1207b (Chauvin et al., 2004; Patience et al., 2010). The presence of circumstellar
material in the system also presents an important factor to consider with respect to potential
dust extinction, as observed in systems such as CT Cha (Schmidt et al., 2008; Wu et al.,
2015), although diminished extinction due to a more evolved disk stage for HD 206893 may
be consistent with an intrinsic red nature for the companion. HD 206893 B presents a unique
case for study with sophisticated atmopsheric models for brown dwarfs and giant planets,
extending the diversity of models and further investigating exceptionally low-gravity systems
and/or exceptionally dusty atmospheres. Furthermore, its rare configuration within the inner
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gap of the host star debris disk offers important dynamical constraints on companion-disk
interactions, providing a system for detailed investigation with resolved disk imaging, at
NIR/MIR wavelengths with ground-based extreme AO systems or upcoming facilities like
JWST, and also with (sub-)millimeter observations with ALMA to explore the full SED.
A number of upcoming exoplanet-related missions, including the Transiting Exoplanet
Survey Satellite (TESS; Ricker et al., 2014), are slated to focus exclusively on low-mass
stellar systems. With enhanced knowledge of the multiplicity properties of the lowest-mass
stars, and detailed study of their disk properties, we will be able to place new discoveries
from these missions into a broader context. Furthermore, the findings from the studies
presented in this work will help inform target selection and survey strategy for future
exoplanet search missions. Closely-separated M-dwarf binaries will present challenges when
attempting to directly image exoplanets, owing to the difficulties in measuring and applying
adaptive optics corrections in the presence of a close stellar source. From the ALMA
TBOSS results, the lower dust masses measured for the late-type M-dwarfs are consistent
with the paucity of directly-imaged giant planets around low-mass stars, providing clues
that Jovian analogs around low-mass stars may be a relatively rare outcome of the planet
formation process. Finally, understanding the atmospheric properties and formation histories
of low-mass companions at a range of masses and temperatures, via comparison with both
the isolated brown dwarfs and free-floating planets, will provide critical benchmarks for
interpreting the spectra of the next generation of directly-imaged planet discoveries.
The lowest-mass stars, despite their proximity as our nearest stellar neighbors and
forming a major component of the galactic stellar population by number, still hold many
unsolved astrophysical mysteries. With the current search for exoplanets – particularly
potential Earth analogs beyond our solar system – M-dwarfs have presented themselves as
particularly attractive targets in the search for habitable planets. With exceedingly long main
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sequence lifetimes and low luminosities and masses conducive to more readily-detectable
planet signals, the true habitability and planet-forming potential of M-dwarfs form key
questions in the hunt for habitable planets (Shields et al., 2016). As the initial formative
steps in answering these questions, the exploration of stellar and substellar companion
properties, and the measurements of disk properties across a range of environments and
evolutionary stages, provide important ingredients in the formation of a comprehensive view
of star and planet formation.
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Table 22. Companion detection limits
HIP AO ∆m (mag) at ρ = (arcsec) ρ sensitive to full MS
0.05 0.15 0.25 0.50 1.00 1.50 2.00 5.00 10.00 ρ AO,max ρ Plate,min ρ Plate,max
(arcsec) (arcsec) (arcmin)
HIP428 ... 0.64 1.87 4.33 6.67 8.08 8.71 9.18 9.17 34.00 5.64 14.81
HIP439 0.02 3.87 5.04 6.23 6.41 6.39 6.40 6.36 4.11 14.00 21.58 38.40
HIP1242 0.01 2.70 2.09 6.34 7.04 7.04 7.07 7.01 4.48 13.00 2.50 33.42
HIP1475 ... 0.89 1.91 4.37 6.16 7.88 8.20 8.51 8.51 35.00 12.49 46.46
HIP2552 ... 0.63 1.49 2.36 5.14 6.76 7.75 6.47 7.90 39.00 5.37 16.56
HIP3937 ... 0.61 0.87 1.89 2.55 1.35 1.64 7.50 8.79 36.00 6.30 14.07
HIP4569 ... ... ... ... ... ... ... ... ... ... 5.40 13.49
HIP4856 ... 0.69 1.94 4.28 6.90 8.02 8.63 9.52 9.34 38.00 7.93 20.24
HIP4872 ... 1.10 2.00 4.46 6.58 8.29 8.65 9.02 8.94 35.00 8.46 16.73
HIP5496 0.08 1.09 3.48 4.93 6.82 7.25 7.29 7.22 6.71 13.00 8.09 20.34
HIP5643 ... 0.58 1.31 2.61 4.39 5.81 6.86 7.64 7.44 39.00 10.62 45.17
HIP8051 ... 1.16 2.12 5.25 7.24 8.47 8.60 8.71 8.64 36.00 16.39 14.60
HIP8768 ... 0.65 1.87 4.62 7.02 8.37 9.05 9.49 9.45 35.00 11.74 15.14
HIP9291 ... 0.84 1.77 3.79 5.96 7.59 8.07 8.52 8.26 40.00 4.30 13.61
HIP9724 0.04 3.71 5.02 4.65 7.44 7.44 7.58 7.52 4.94 13.00 7.15 18.23
HIP9786 ... 2.62 3.64 5.96 6.60 6.60 6.61 6.57 5.62 13.00 4.86 17.97
HIP10279 ... 0.46 1.81 4.70 6.84 8.18 8.75 8.67 8.62 35.00 20.82 16.00
HIP10395 ... 0.60 1.80 4.40 6.69 7.89 8.44 8.69 8.69 35.00 8.09 13.28
HIP10617 ... 2.28 4.36 6.16 8.14 8.66 8.87 9.04 9.00 26.00 9.31 11.64
HIP10812 ... -0.05 1.28 4.81 7.35 8.24 9.20 10.54 8.69 74.00 5.53 11.84
HIP11048 ... 0.66 1.93 4.66 6.96 8.39 9.04 9.33 9.33 36.00 9.94 13.96
HIP11964 ... 3.29 5.10 7.00 8.83 9.24 9.51 9.42 8.80 14.00 12.82 14.36
HIP12097 ... ... ... ... ... ... ... ... ... ... 7.12 12.26
HIP12781 ... 0.63 1.80 4.12 6.62 7.99 8.68 9.14 9.01 38.00 6.31 22.19
HIP13218 ... ... ... ... ... ... ... ... ... ... 6.88 12.87
HIP13389 0.05 3.51 5.13 6.52 7.27 7.32 7.36 7.22 5.08 14.00 6.21 14.31
HIP15220 ... ... ... ... ... ... ... ... ... ... 6.18 11.59
HIP15638 ... ... ... ... ... ... ... ... ... ... 5.64 11.87
HIP16536 ... 2.74 3.85 5.90 7.37 7.34 7.52 7.45 6.38 13.00 5.40 15.52
HIP17609 ... 0.57 3.52 4.85 6.79 6.87 6.91 6.89 6.87 58.00 8.33 11.30
HIP19337 ... ... ... ... ... ... ... ... ... ... 10.61 12.40
HIP19394 ... ... ... ... ... ... ... ... ... ... 5.54 11.12
HIP21088 ... 0.66 1.76 4.27 6.65 7.91 8.96 9.18 9.11 36.00 5.91 29.88
HIP21556 ... 0.70 1.81 4.74 7.18 8.28 8.78 9.13 8.88 40.00 6.72 15.02
HIP21932 ... 1.81 4.27 6.55 8.55 9.00 9.06 9.21 9.28 24.00 6.98 17.97
HIP22627 ... 3.17 4.68 5.54 5.67 5.64 5.43 5.22 4.77 17.00 6.58 13.56
HIP22738 0.06 2.63 3.82 5.04 5.76 5.76 5.76 5.45 5.19 15.00 6.89 15.00
HIP22762 ... ... ... ... ... ... ... ... ... ... 6.34 13.75
HIP23452 ... 0.69 1.73 4.18 3.58 6.84 8.37 9.36 9.10 40.00 11.47 19.43
HIP23512 ... 0.63 1.83 4.11 6.55 7.95 8.60 8.97 8.79 38.00 4.72 18.10
HIP23518 ... 0.50 2.98 4.51 7.08 7.34 7.40 7.44 7.41 53.00 7.66 12.24
HIP23932 ... 0.16 2.36 5.05 7.05 7.23 7.28 7.34 7.29 25.00 7.96 17.98
HIP24186 0.02 4.48 5.85 7.51 8.33 8.34 8.35 8.20 5.58 15.00 25.91 42.61
HIP24284 ... ... ... ... ... ... ... ... ... ... 6.45 13.56
HIP25578 ... 1.97 4.10 6.08 8.45 8.99 9.17 9.18 9.21 25.00 3.90 18.92
HIP25878 ... 0.83 1.80 4.51 6.43 8.57 8.79 9.73 9.59 41.00 10.75 29.46
HIP25953 ... ... ... ... ... ... ... ... ... ... 5.51 13.03
HIP26801 ... ... ... ... ... ... ... ... ... ... 8.06 13.40
HIP26857 ... 1.17 2.13 5.20 7.24 8.58 8.72 8.86 8.75 35.00 10.75 28.59
HIP28035 ... ... ... ... ... ... ... ... ... ... 6.61 11.43
HIP28368 ... ... ... ... ... ... ... ... ... ... 7.12 12.32
HIP29052 ... 2.95 4.21 6.02 6.25 6.20 6.23 6.12 4.16 15.00 5.13 14.69
HIP29277 ... 1.11 2.01 4.95 6.85 8.64 9.03 9.39 9.22 37.00 6.31 17.78
HIP29295 ... 0.72 1.79 4.15 6.20 7.13 7.44 7.57 7.42 36.00 14.17 28.97
HIP29316 ... 0.56 1.74 3.86 5.88 3.95 4.21 8.94 8.70 40.00 7.26 15.28
HIP30920 ... 3.54 5.28 6.76 7.10 5.90 7.27 7.07 6.14 14.00 13.03 40.39
HIP31292 0.00 2.82 4.37 5.84 7.07 7.12 7.22 7.16 3.71 13.00 4.86 19.20
HIP31293 0.08 2.40 3.74 5.28 6.85 6.89 7.19 7.07 5.65 14.00 6.75 18.48
HIP31635 0.07 3.95 5.18 6.09 6.32 6.29 6.28 6.13 3.99 13.00 7.39 17.10
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Table 22. continued.
HIP AO ∆m (mag) at ρ = (arcsec) ρ sensitive to full MS
0.05 0.15 0.25 0.50 1.00 1.50 2.00 5.00 10.00 ρ AO,max ρ Plate,min ρ Plate,max
(arcsec) (arcsec) (arcmin)
HIP31862 ... ... ... ... ... ... ... ... ... ... 9.04 12.53
HIP33142 ... 0.87 1.31 4.18 6.36 7.94 8.80 9.07 8.83 41.00 6.45 15.91
HIP33226 ... 1.18 2.09 5.03 7.13 8.46 8.57 8.65 8.48 35.00 6.98 29.84
HIP33499 0.04 3.41 4.57 4.64 3.87 5.73 5.79 5.80 4.09 14.00 6.08 20.81
HIP34115 ... ... ... ... ... ... ... ... ... ... 5.24 11.16
HIP34603 ... 1.10 2.04 5.17 7.31 9.11 8.82 9.72 9.44 39.00 6.31 26.48
HIP35191 ... 1.78 3.90 4.88 5.03 5.00 5.02 3.37 4.39 14.00 7.66 13.85
HIP35353 ... ... ... ... ... ... ... ... ... ... 8.19 11.50
HIP36208 0.00 2.85 5.04 6.29 6.78 6.77 6.78 6.76 2.80 10.00 3.76 43.83
HIP36338 ... ... ... ... ... ... ... ... ... ... 5.37 13.56
HIP36626 ... 0.63 1.60 3.20 4.29 6.22 7.59 8.33 8.30 35.00 6.18 14.04
HIP36627 ... 0.54 1.42 2.92 4.63 6.00 7.06 7.63 7.58 35.00 4.97 13.91
HIP36834 ... ... ... ... ... ... ... ... ... ... 6.45 14.53
HIP36915 ... ... ... ... ... ... ... ... ... ... 5.91 13.02
HIP36985 ... ... ... ... ... ... ... ... ... ... 9.67 11.76
HIP37217 0.00 3.44 5.17 6.50 6.92 6.94 6.94 6.81 4.44 13.00 5.67 15.72
HIP37288 ... 3.86 5.50 6.66 7.75 7.70 7.74 7.17 7.02 16.00 8.73 11.43
HIP37766 ... 3.45 5.34 6.97 7.63 7.74 7.73 7.57 6.85 13.00 5.37 27.98
HIP38082 ... ... ... ... ... ... ... ... ... ... 5.64 11.28
HIP38956 ... 0.66 1.69 4.11 6.14 7.39 7.82 8.09 8.06 36.00 5.37 19.34
HIP40501 0.02 3.55 4.90 6.39 7.16 7.22 7.21 7.06 5.93 15.00 16.93 18.27
HIP41824 ... 0.59 1.85 4.05 6.32 7.90 8.64 8.94 5.67 41.00 4.70 15.06
HIP42220 ... ... ... ... ... ... ... ... ... ... 8.33 12.10
HIP42762 ... ... ... ... ... ... ... ... ... ... 5.51 11.16
HIP44722 ... ... ... ... ... ... ... ... ... ... 11.01 11.45
HIP45908 0.00 2.99 4.29 5.79 6.74 6.79 6.86 6.80 3.56 13.00 8.77 15.93
HIP46655 ... 1.21 2.18 5.28 6.88 8.07 8.05 8.12 7.85 41.00 12.63 17.24
HIP46706 ... 0.94 1.37 0.62 3.26 5.43 6.90 8.93 9.07 39.00 5.51 16.65
HIP46769 ... 0.12 1.75 3.45 6.22 7.87 8.43 8.76 8.71 43.00 27.68 11.99
HIP47103 0.00 3.48 5.22 6.77 8.59 8.83 8.94 8.58 7.95 14.00 5.26 18.47
HIP47425 0.03 2.91 3.99 5.54 7.40 7.64 7.67 7.61 6.21 14.00 7.02 17.61
HIP47513 0.01 3.29 5.14 6.30 6.64 6.59 6.62 6.54 4.78 13.00 24.58 14.80
HIP47620 ... 0.38 2.18 3.56 6.17 7.67 8.03 8.14 8.02 54.00 6.58 13.56
HIP47650 ... ... ... ... ... ... ... ... ... ... 11.55 14.68
HIP47741 ... ... ... ... ... ... ... ... ... ... 3.36 11.88
HIP47780 0.07 2.92 4.54 5.93 7.76 8.08 8.14 7.92 4.31 15.00 8.10 16.89
HIP48336 ... ... ... ... ... ... ... ... ... ... 8.06 12.15
HIP48659 ... 3.05 4.76 7.01 8.80 9.44 9.64 9.55 8.95 13.00 5.13 14.72
HIP48714 ... 1.06 1.99 4.30 6.77 8.30 8.49 9.89 9.81 37.00 24.31 15.78
HIP49969 0.05 1.13 3.84 6.80 7.89 7.94 7.94 7.77 6.38 14.00 23.51 13.51
HIP49986 ... 0.76 1.76 3.46 5.62 7.09 7.69 8.06 7.94 36.00 24.85 21.18
HIP50341 ... ... ... ... ... ... ... ... ... ... 6.45 12.22
HIP51007 ... 1.10 2.07 4.80 6.74 8.21 8.34 8.46 8.21 41.00 6.58 13.50
HIP51317 ... 0.00 1.66 5.00 7.37 8.86 9.50 11.33 11.58 46.00 24.32 23.58
HIP52190 ... ... ... ... ... ... ... ... ... ... 6.34 11.92
HIP52596 ... ... ... ... ... ... ... ... ... ... 6.07 11.90
HIP53020 ... 0.59 2.63 4.59 6.58 8.27 9.15 10.84 11.24 24.00 4.57 24.65
HIP53985 ... 0.66 1.78 4.13 6.46 7.80 8.88 9.20 9.10 36.00 9.14 14.16
HIP54035 ... 1.02 1.87 4.30 6.58 7.94 8.21 8.61 8.51 36.00 44.59 65.44
HIP54211 ... 0.68 1.87 4.31 6.75 8.11 8.64 9.05 8.84 39.00 8.86 34.38
HIP54532 ... 0.63 1.62 3.36 5.42 6.06 6.23 6.17 5.93 42.00 7.69 15.50
HIP55042 ... ... ... ... ... ... ... ... ... ... 2.50 13.15
HIP55360 ... 1.10 2.06 4.96 7.15 8.89 8.68 9.41 9.12 38.00 9.94 18.69
HIP56157 ... ... ... ... ... ... ... ... ... ... 6.04 12.63
HIP56244 ... 3.09 4.80 6.63 9.06 10.32 10.78 11.34 10.45 15.00 5.80 16.09
HIP56528 ... 1.16 2.14 5.37 6.90 8.50 9.02 9.36 9.26 35.00 8.37 18.76
HIP57050 ... 0.51 1.70 3.38 5.50 6.79 7.31 8.34 8.09 41.00 5.37 15.01
HIP57087 ... 0.78 2.67 6.32 8.60 8.96 9.11 9.18 8.88 36.00 14.64 16.44
HIP57544 ... 0.72 1.79 4.36 6.65 7.56 8.29 8.91 8.71 38.00 5.78 31.14
HIP57548 ... 1.08 2.03 4.54 6.47 7.54 7.70 7.77 7.50 41.00 15.45 49.67
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Table 22. continued.
HIP AO ∆m (mag) at ρ = (arcsec) ρ sensitive to full MS
0.05 0.15 0.25 0.50 1.00 1.50 2.00 5.00 10.00 ρ AO,max ρ Plate,min ρ Plate,max
(arcsec) (arcsec) (arcmin)
HIP57802 ... 1.12 2.01 4.80 7.11 8.83 8.67 9.40 9.10 39.00 25.39 19.41
HIP59406 ... 2.83 4.58 6.80 7.77 7.84 7.85 7.65 6.78 15.00 4.45 13.24
HIP60444 ... ... ... ... ... ... ... ... ... ... 6.31 12.92
HIP60559 ... 0.93 1.87 4.22 6.48 7.97 8.08 8.62 8.26 39.00 5.13 18.83
HIP60910 ... 2.71 5.16 7.19 9.14 9.78 10.35 10.58 9.73 12.00 13.43 12.64
HIP61094 ... 0.01 2.32 4.23 6.27 7.24 7.64 10.03 11.76 23.00 9.00 12.21
HIP61629 ... 2.38 4.73 6.85 8.65 9.32 9.57 10.36 10.35 27.00 6.48 17.20
HIP61706 ... ... ... ... ... ... ... ... ... ... 5.78 11.60
HIP61874 0.00 3.06 4.34 5.77 5.97 5.95 5.98 5.82 3.01 15.00 3.92 21.42
HIP62452 ... 0.96 1.96 4.33 6.40 7.58 7.73 7.81 7.54 41.00 5.91 19.91
HIP62556 ... 1.01 1.15 2.55 5.42 7.10 7.93 8.48 8.25 37.00 6.31 16.32
HIP63510 ... 3.40 4.54 6.71 7.02 7.03 7.01 6.74 5.22 14.00 7.93 14.26
HIP65011 ... 0.08 1.25 2.52 4.86 6.53 7.29 7.72 7.66 42.00 9.54 12.56
HIP65026 ... 0.48 1.81 3.98 3.49 3.47 6.62 9.14 9.03 41.00 30.49 15.57
HIP65714 ... ... ... ... ... ... ... ... ... ... 5.37 12.00
HIP65859 ... 0.11 1.29 3.49 5.82 7.03 7.52 9.25 9.87 36.00 26.73 21.77
HIP66625 ... 0.23 1.44 2.83 5.26 7.00 7.78 8.06 8.02 41.00 8.06 12.81
HIP66906 ... 0.63 1.72 3.97 6.31 7.54 8.39 8.57 8.48 36.00 5.64 17.96
HIP67155 ... 3.46 5.72 7.40 7.84 8.03 8.06 7.85 7.08 14.00 11.82 30.92
HIP67164 ... 0.62 1.63 3.53 5.83 7.26 8.00 8.22 8.02 38.00 4.99 16.27
HIP68469 ... 0.66 1.80 4.08 6.35 7.77 8.65 8.85 8.74 36.00 6.72 16.62
HIP69454 0.00 3.44 4.11 6.35 8.19 8.14 8.54 8.40 5.46 20.00 8.10 14.27
HIP70475 ... ... ... ... ... ... ... ... ... ... 5.10 11.67
HIP70865 ... ... ... ... ... ... ... ... ... ... 14.51 11.90
HIP70890 0.00 3.27 4.98 6.65 8.45 9.01 9.17 9.05 8.30 14.00 4.86 128.61
HIP70975 ... 3.59 4.46 4.51 4.52 4.55 4.54 4.45 3.08 13.00 4.43 15.41
HIP71253 ... 0.65 1.67 4.09 6.41 7.45 8.18 8.87 8.62 39.00 11.42 27.50
HIP71898 ... 0.65 1.86 4.52 7.21 8.31 8.77 9.05 8.86 39.00 7.52 15.53
HIP72896 ... 3.21 5.30 6.60 1.93 7.04 7.22 7.01 6.32 14.00 4.97 16.40
HIP72944 ... 3.20 4.94 7.06 8.27 8.50 8.57 6.50 7.84 17.00 7.52 17.27
HIP73470 ... 0.45 1.50 2.98 4.96 3.08 5.39 8.44 8.28 41.00 11.69 14.13
HIP74190 ... ... ... ... ... ... ... ... ... ... 6.31 11.53
HIP74995 ... 2.00 4.35 5.99 8.05 8.63 8.74 8.81 8.63 28.00 19.22 26.82
HIP75187 ... 0.66 1.96 4.51 6.90 8.39 8.89 9.24 9.10 38.00 7.79 14.61
HIP76074 0.00 4.10 5.32 7.31 8.99 8.61 9.43 9.33 8.52 14.00 8.09 28.11
HIP76832 ... 0.12 1.00 2.57 5.14 6.86 7.59 7.78 7.75 54.00 3.49 12.52
HIP76901 ... 0.64 1.69 3.68 6.06 7.47 8.22 8.47 8.37 36.00 4.99 15.98
HIP78353 ... ... ... ... ... ... ... ... ... ... 7.25 11.99
HIP79431 ... ... ... ... ... ... ... ... ... ... 5.80 11.58
HIP79755 ... 1.13 2.10 4.68 7.10 7.93 8.28 8.45 8.27 37.00 11.69 15.60
HIP79762 ... 0.43 1.63 3.62 6.02 7.46 8.46 8.55 8.51 36.00 6.85 15.52
HIP80018 0.15 2.95 4.38 6.04 8.04 8.24 8.88 6.27 2.26 14.00 8.09 19.98
HIP80346 ... 0.57 1.37 2.69 4.12 5.39 6.49 7.65 7.37 40.00 7.12 20.69
HIP80459 ... 1.36 2.76 5.04 7.67 8.65 8.83 9.01 9.00 35.00 7.79 25.58
HIP80824 ... 0.68 1.89 4.16 6.80 7.89 8.11 8.27 8.08 37.00 16.13 38.83
HIP82809 0.03 3.13 4.46 5.69 6.06 6.05 6.08 5.90 3.66 14.00 4.97 24.82
HIP82817 ... 0.54 0.33 4.24 6.72 6.77 7.13 7.17 7.14 22.00 14.24 26.90
HIP83043 ... 0.65 1.72 3.65 6.03 7.45 8.13 8.79 8.59 42.00 8.33 16.11
HIP83599 0.00 3.39 4.64 5.62 5.93 5.94 5.94 5.86 3.49 14.00 8.60 15.77
HIP83762 ... 0.33 2.94 4.37 7.05 7.51 7.50 7.53 7.55 50.00 7.39 12.47
HIP83945 ... 0.65 1.89 4.48 6.58 8.14 8.83 9.12 9.09 34.00 5.51 22.39
HIP84051 ... ... ... ... ... ... ... ... ... ... 8.50 13.36
HIP84099 ... 0.55 3.27 4.69 7.75 8.18 8.17 8.15 8.15 53.00 5.91 13.89
HIP84140 ... 0.25 0.17 2.11 5.24 6.93 8.08 8.92 8.91 37.00 9.27 27.88
HIP84521 ... ... ... ... ... ... ... ... ... ... 6.31 11.18
HIP84790 ... 0.44 2.79 4.34 7.27 7.83 7.92 7.92 7.86 51.00 6.04 13.46
HIP84794 ... ... ... ... ... ... ... ... ... ... 6.85 14.38
HIP85523 ... 2.29 4.48 7.06 9.17 9.41 9.50 9.48 9.37 28.00 9.31 36.71
HIP85665 ... 0.15 1.20 3.28 5.62 7.00 7.75 9.16 9.32 42.00 8.86 16.71
HIP86057 0.00 3.22 5.32 7.31 8.91 8.43 9.29 9.25 8.12 13.00 7.56 17.14
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Table 22. continued.
HIP AO ∆m (mag) at ρ = (arcsec) ρ sensitive to full MS
0.05 0.15 0.25 0.50 1.00 1.50 2.00 5.00 10.00 ρ AO,max ρ Plate,min ρ Plate,max
(arcsec) (arcsec) (arcmin)
HIP86087 ... 0.34 2.43 3.95 6.91 8.46 8.73 8.77 8.75 38.00 7.79 11.82
HIP86162 ... 0.65 1.91 4.57 6.81 8.28 8.87 9.09 9.07 35.00 8.46 36.81
HIP86214 0.05 3.12 4.89 6.74 8.12 8.42 8.48 8.25 7.43 14.00 5.40 32.82
HIP86287 ... 0.62 1.60 3.32 5.60 7.07 8.24 8.93 8.95 36.00 8.46 20.61
HIP86776 ... 0.53 1.96 4.05 7.00 7.84 8.24 9.00 8.82 38.00 7.52 17.58
HIP86990 0.08 3.10 4.07 4.50 4.62 4.65 4.64 4.46 2.80 16.00 9.04 28.58
HIP87937 ... -0.13 0.65 3.76 5.75 6.77 7.44 8.59 8.44 25.00 6.85 91.39
HIP87938 ... 0.39 2.52 4.14 6.82 7.53 7.55 7.62 7.56 45.00 5.51 11.83
HIP88574 ... 0.64 1.70 3.86 6.13 7.54 8.69 9.13 9.09 36.00 8.06 21.48
HIP91430 ... ... ... ... ... ... ... ... ... ... 20.82 12.93
HIP91699 ... 0.45 1.63 3.38 5.45 6.77 7.10 7.99 7.74 41.00 6.31 14.56
HIP91768 ... 0.68 1.86 4.23 6.95 7.84 8.06 8.13 7.93 39.00 6.18 46.70
HIP91772 ... 0.61 1.82 4.40 6.86 8.54 8.60 9.16 9.05 36.00 8.33 46.70
HIP92403 ... 2.23 4.35 6.49 8.17 8.49 8.63 8.66 8.31 28.00 4.99 56.12
HIP92871 ... 0.68 1.95 4.62 7.47 8.43 8.83 9.23 9.01 42.00 7.66 14.16
HIP93069 ... ... ... ... ... ... ... ... ... ... 12.14 13.57
HIP93101 ... 1.27 2.63 4.78 7.09 5.54 8.37 8.83 8.64 38.00 9.27 15.28
HIP93206 ... ... ... ... ... ... ... ... ... ... 6.75 11.83
HIP93873 ... 0.62 1.60 3.67 5.79 7.11 8.07 8.52 8.40 36.00 6.98 19.58
HIP93899 ... 1.85 0.07 1.55 3.41 4.82 5.95 8.14 9.05 50.00 5.91 19.04
HIP94349 0.00 1.19 2.95 5.54 7.69 7.50 8.35 8.33 7.44 13.00 19.48 16.31
HIP94761 ... 0.61 1.74 3.98 6.28 7.73 8.55 9.02 8.99 34.00 9.94 28.39
HIP97241 ... 1.15 2.08 4.92 6.92 8.55 8.94 9.28 9.08 39.00 7.92 14.50
HIP97292 ... 0.44 2.16 3.41 5.79 6.85 7.17 4.96 7.30 54.00 9.54 12.24
HIP99150 ... 1.73 3.40 4.92 7.27 8.30 8.60 9.34 9.27 27.00 4.32 11.18
HIP99701 0.01 3.28 4.72 5.54 5.90 5.92 5.95 5.73 4.98 15.00 13.63 26.89
HIP100923 ... ... ... ... ... ... ... ... ... ... 6.21 11.23
HIP101180 ... 0.65 1.71 4.18 6.63 7.97 8.67 8.96 8.82 36.00 6.18 20.85
HIP102141 ... 3.19 5.00 6.33 7.30 7.30 6.55 7.34 6.70 14.00 7.43 15.58
HIP102401 ... 0.50 3.37 4.90 7.44 7.81 7.89 7.88 7.76 52.00 7.52 13.53
HIP102409 ... 3.52 5.37 6.74 6.88 6.89 6.84 6.49 5.38 14.00 11.87 16.82
HIP103039 ... 0.66 1.90 4.66 7.07 8.42 8.96 9.23 9.18 35.00 11.42 29.17
HIP103096 ... 0.68 1.90 4.52 6.89 8.20 8.66 8.99 8.98 34.00 10.21 23.65
HIP103441 0.02 4.67 6.01 6.85 7.05 7.04 7.05 6.65 5.26 14.00 4.16 12.10
HIP103800 ... ... ... ... ... ... ... ... ... ... 15.18 11.59
HIP103910 ... ... ... ... ... ... ... ... ... ... 4.86 13.10
HIP104432 ... ... ... ... ... ... ... ... ... ... 6.85 13.70
HIP104644 ... ... ... ... ... ... ... ... ... ... 6.21 11.26
HIP106106 ... 0.81 1.94 4.20 6.45 8.08 8.54 8.97 8.96 36.00 5.24 24.86
HIP106255 0.05 1.55 4.00 7.13 8.68 8.58 8.94 8.82 7.90 14.00 4.57 20.09
HIP106440 ... 2.06 4.38 6.54 8.78 9.37 9.43 9.48 9.37 28.00 10.39 33.65
HIP106811 ... ... ... ... ... ... ... ... ... ... 6.85 12.52
HIP108159 ... 0.07 0.29 2.03 3.65 5.17 5.85 6.01 5.99 20.00 6.07 11.39
HIP108569 ... ... ... ... ... ... ... ... ... ... 10.12 13.91
HIP108706 ... 1.23 2.48 4.61 7.09 5.44 8.30 8.71 8.48 39.00 4.84 18.72
HIP108782 ... 0.63 1.81 4.19 6.56 8.01 8.83 9.34 9.31 35.00 9.14 16.27
HIP109388 ... 2.09 4.56 6.44 7.30 7.33 7.35 7.30 7.14 28.00 7.26 18.32
HIP109555 ... 1.07 2.04 4.57 6.75 8.33 8.58 8.95 8.87 36.00 6.99 14.35
HIP109638 ... ... ... ... ... ... ... ... ... ... 6.85 11.14
HIP110893 ... 0.59 1.71 4.00 6.14 7.35 6.64 8.61 8.64 35.00 8.06 41.66
HIP111313 ... ... ... ... ... ... ... ... ... ... 8.33 13.11
HIP111766 ... 2.36 4.90 5.97 5.72 8.32 9.31 9.95 9.89 27.00 6.07 12.65
HIP111802 ... 3.56 4.90 7.27 8.56 9.35 9.58 9.72 9.23 14.00 28.46 19.17
HIP112460 ... 1.04 2.00 4.52 6.59 8.12 8.42 8.68 8.65 35.00 6.99 32.54
HIP112774 ... ... ... ... ... ... ... ... ... ... 21.36 11.80
HIP112909 ... 0.47 2.64 4.36 7.12 7.81 7.91 8.00 7.94 57.00 5.91 11.46
HIP113020 ... 0.61 1.80 4.20 6.34 7.87 8.76 9.34 9.34 35.00 17.60 35.55
HIP113229 0.04 3.91 4.72 4.90 4.92 4.89 4.84 4.77 1.29 13.00 7.15 19.35
HIP113296 ... 0.66 1.84 4.33 6.77 8.18 8.74 9.09 8.93 36.00 10.88 24.35
HIP114046 0.03 3.27 4.72 6.23 6.90 6.97 7.00 6.97 4.01 13.00 33.86 50.88
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Figure 56. Sample proper motion diagrams of the bound companions identified within this
study. Symbols, curves, and shading are as with Figure 10. The full set of proper motion
diagrams for each of the detected companion candidates in this study is available in the
electronic edition of the published journal.
Table 22. continued.
HIP AO ∆m (mag) at ρ = (arcsec) ρ sensitive to full MS
0.05 0.15 0.25 0.50 1.00 1.50 2.00 5.00 10.00 ρ AO,max ρ Plate,min ρ Plate,max
(arcsec) (arcsec) (arcmin)
HIP115332 0.04 4.08 5.37 6.98 7.43 7.29 7.46 7.18 6.59 14.00 5.91 15.17
HIP115562 ... 0.19 1.82 3.38 5.97 7.56 8.05 8.33 8.29 42.00 11.28 12.86
HIP116132 ... 0.63 1.85 4.32 7.00 8.26 8.76 4.99 9.03 37.00 6.85 26.96
HIP116317 ... ... ... ... ... ... ... ... ... ... 13.43 11.92
HIP117473 ... 0.75 1.73 4.64 6.48 8.34 8.88 9.43 9.32 39.00 32.51 27.88
HIP117828 0.00 3.61 5.10 6.68 7.47 7.42 7.49 7.42 3.35 13.00 8.77 16.68
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Figure 57. Sample proper motion diagrams, continued.
199
Figure 58. Sample proper motion diagrams, continued.
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Figure 59. Sample proper motion diagrams, continued.
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APPENDIX FOR ALMA PAPER
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B.1 Central Object Spectral Type, Temperatures, and Masses
A uniform procedure was applied to estimate the central object mass for all of the Taurus,
Upper Sco, and Rho Oph members considered in this study of disk mass as a function of
host mass (Figures 34–41. The observable measured for all objects is the spectral type,
and the transformation to mass required two main steps: (1) converting spectral type to
effective temperature (Teff) with an empirical relations and (2) converting Teff into mass
with theoretical evolutionary models. The impact due to the choice of age and evolutionary
model was investigated and comparisons with previous results for Taurus members were
explored. Overall, the adopted evolutionary model had the largest effect on mass estimation,
more important than the specific age assumed for the region or the spectral type-Teff relation.
The empirical relation developed to convert observed spectral types into effective tem-
peratures is shown in Figure 60 (Herczeg and Hillenbrand, 2014). This more recent trans-
formation builds upon the relationship developed in Luhman et al. (2003b) and covers a
larger range of spectral types, and we applied a least-squared univariate spline interpolation
to this relation to account for non-integer spectral types. Table 23 reports the spectral types
and uncertainties from the literature along with estimated Teff for all objects considered in
this study from Taurus (Andrews et al., 2013), Upper Sco (Mathews et al., 2012; van der
Plas et al., 2016; Barenfeld et al., 2016), and Rho Oph (Testi et al., 2016). The most recent
spectral type is used for sources with multiple values, and uncertainty of ±0.5 subclasses is
applied to any object without a reported uncertainty.
Combining the effective temperature with an age, the mass was estimated in conjunc-
tion with an evolutionary model. Typical ages reported for the Taurus region range from
0-5 Myr, with isochrone fitting to the cluster sequence tracing a canonical value of 1-
2 Myr (Kraus and Hillenbrand, 2009). For objects cooler than ∼4500 K, the evolutionary
models of Baraffe et al. (1998) have been widely adopted, although the updated grid from
Baraffe et al. (2015) is now available. Figures 63 and 64 show the impact of the choice of
age and evolutionary model for the cooler Taurus members and highlight that the evolution-
ary model has the dominant systematic effect on the mass estimation, with the newer models
yielding a lower mass for the same effective temperature. For this study, an age of 1 Myr
and the Baraffe et al. (2015) model grid were used in the mass determination for objects
with Teff ≤ 4211 K, corresponding to spectral types of approximately K7 or later. For earlier
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Figure 60. Correspondence between spectral type and effective temperature as provided in
Herczeg & Hillenbrand (2014). A least-squared univariate spline interpolation (blue line) is
used to provide fractional subclasses of spectral types.
spectral types with higher effective temperatures, the MESA models (Choi et al., 2016)
were applied, and the full mass vs. Teff sequences for 1 and 2 Myr models are shown in
Figures 61 and 62. The newer Baraffe et al. (2015) models connect with the MESA models.
Figures 61 and 62 also plot the luminosity as a function of Teff from the evolutionary models,
since the central object luminosity is required to estimate the disk dust temperature, which
is used for the calculation of disk dust mass.
The resulting masses for all Taurus members with submillimeter detections were
compared with the masses reported for Class II members in the SMA dish survey
which formed the higher mass comparison sample (Andrews et al., 2013). The approach
to estimating masses in the SMA study applied Bayesian inference techniques from
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Figure 61. Interpolation over mass and effective temperature for the 1 Myr models provided
by Baraffe et al. (1998, 2015), and from the MESA grid of models (Choi et al. 2016),
adopted for the derivation of central object mass for stars with temperatures corresponding
to masses greater than 1.4 M.
Jørgensen and Lindegren (2005) and Gennaro et al. (2012), firstly treating stellar luminos-
ity and Av as free parameters in fits of template stellar photosphere models to optical/NIR
SEDs, and then evaluating a corresponding conditional likelihood function to best-fit
stellar masses and ages from three suites of pre-main sequence stellar evolution grids
(D’Antona and Mazzitelli, 1997; Baraffe et al., 1998; Siess et al., 2000). For consistency,
the values reported from the Baraffe et al. (1998) grid in Andrews et al. (2013) are used as
comparison values for the results in this paper.
The comparison with the literature masses and mass estimated from the spectral type,
age of 1 Myr and Baraffe et al. (1998) grid is given in Figure 65 to consider the effect of
using different approaches. The differences are negligible for objects fit with an age of
1 Myr, within ±0.1 M (comparable to the range from ±0.5 uncertainty in spectral type) for
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Figure 62. Interpolation over mass and effective temperature for the 2 Myr models provided
by Baraffe et al. (1998, 2015), and from the MESA grid of models (Choi et al. 2016),
adopted for the derivation of central object mass for stars with temperatures corresponding
to masses greater than 1.4 M.
Figure 63. Interpolation over mass and effective temperature as provided in the 1 Myr
Baraffe et al. (1998) models.
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Figure 64. Interpolation over mass and effective temperature for each of the 1 and 2 Myr
models provided by Baraffe et al. (1998, 2015).
Figure 65. Comparison between the estimated stellar masses from Andrews et al. (2013),
using the Baraffe et al. (1998) model grid, and the newly derived masses using the
approach described in this paper and the newer Baraffe et al. (2015) models.
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Figure 66. Comparison of masses derived using the 1998 and 2015 BCAH models.
masses ≤1M and show a larger scatter of ±0.3M for the higher mass objects. Figure 66
shows the Taurus masses used in this study compared to the SMA survey, and the larger,
systematic difference is dominated by the adoption of the newer model grid, following the
trend shown in Figure 64. To understand whether the departure between older and newer
vintages of the evolutionary model grids followed a systematic trend with the estimated
ages of the targets from Andrews et al. (2013), the estimated stellar mass comparisons are
also shown color-coded with the ages from the Bayesian inference in Figures 67 and 68.
While Taurus members with older assigned ages from Andrews et al. (2013) show a more
significant departure from the 1:1 relation, as to be expected, the difference in model grids
remains the dominant factor.
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Figure 67. 1 Myr comparison of the stellar masses derived using the approach described in
this paper and the estimated stellar masses from Andrews et al. (2013), both using the
Baraffe et al. (1998) evolutionary model grid. The colorbar represents the derived age of the
targets from the Bayesian analysis presented in Andrews et al. (2013).
B.2 Comparison of estimated and literature dust masses
As described in Section 3.6.1, the calculated disk dust mass is dependent upon the
assumed dust temperature, Tdust, which in turn can be related to the central object luminosity,
L, by the following prescription:
〈Tdust〉= A(L∗/L)BK. (B.1)
The power law coefficients, A and B, are typically assumed to be 25 and 1/4, respectively,
based upon stellar models of L∗ = 0.1−−100L and assuming disks of radius 100 au.
Revised procedures to generate the dust temperature-luminosity scaling relations for lower-
mass central objects, described in detail in van der Plas et al. (2016), are outlined briefly
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Figure 68. The same figure as in Figure 65, underscoring the difference between the older
and newer evolutionary grids. The points are color-coded to represent the derived age of the
targets from the Bayesian analysis presented in Andrews et al. (2013).
here in their extension to the younger 1 Myr Taurus targets studied in this work. Relations
are derived from grids of disk models which vary the parameters of luminosity and disk
outer radius, while fixing scale height and profile, inclination, inner radius, surface density
exponent, and disk mass (∼1% of the (sub)stellar mass). Figure 69 shows the resulting
power-law relation and coefficients for disks of different radii at 1 Myr, while Figure 70
shows the same relations for the 10 Myr objects. Power-law coefficients are provided for
the range of disk radii explored from 10 au to 200 au.
Following the approach outlined in Section 3.6.1, we then use the adopted dust tempera-
tures from the revised power-law relations to infer the disk mass in sub-millimeter sized
grains, using the flux density, dust opacity, and distance to the targets. To provide a uniform
comparison with previous literature studies of disk-bearing objects in Upper Scorpius and
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Figure 69. Dust temperature - luminosity scaling relations at 1 Myr, adopted for targets in
the Taurus star forming region, and used in the estimation of dust temperatures for our
TBOSS targets and those in Andrews et al. (2013).
Rho Ophiuchus, we also recalculated the dust masses for objects from previous studies
using the same approach. Reported fluxes and spectral types from the previous surveys
were used to re-estimate the stellar parameters of Teff and L (as described in Section B)
using the Baraffe et al. (2015) evolutionary models. The revised 1 Myr luminosity-dust
temperature relations were applied to the Rho Oph population from Testi et al. (2016), while
the 10 Myr relations were applied to the Upper Sco population from Mathews et al. (2012),
Barenfeld et al. (2016), and van der Plas et al. (2016). For the Rho Oph population, the
literature values are plotted against the new dust mass estimates in Figure 71, which show
agreement at the 20 per cent level, with systematically higher previously-published values.
For the Upper Sco population, the literature and re-estimated dust mass comparison is
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Figure 70. 10 Myr scaling relations, used to enable comparison between our targets and
older star forming regions; these relations were used for dust temperature estimation for
targets in Upper Sco.
shown in Figure 72. The previous literature measurements and the re-derived dust masses
from the uniform approach in this study agree at the 11 per cent level across all three
surveys, with the higher-mass objects from Mathews et al. (2012) systematically higher and
the van der Plas et al. (2016) population systematically lower. The offsets for the lowest and
highest-mass members presented in van der Plas et al. (2016) and Mathews et al. (2012)
may be explained by their reporting of masses derived from radiative transfer modeling with
MCFOST, similar to the differences between the analytic approach and model-estimated
masses seen in this study (Section 3.6.2). The dust mass values recalculated in this work for
each previous literature study is given in full in Table 23.
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Figure 71. Comparison of dust mass measurements for a sample of objects from Rho
Ophiuchus from Testi et al. (2016) and the uniform method of dust mass calculation
presented in this study.
B.3 MCFOST Results
This Appendix provides the spectral energy distributions for the targets within our survey,
overlaid with the resulting best-fit MCFOST models as described in Section 3.6.2. Data and
fits for stellar hosts are shown in Figure 73 and for brown dwarfs in Figure 74.
B.4 Table of Re-derived Stellar Parameters and Disk Dust Masses
213
Figure 72. Comparison of dust mass measurements for a sample of objects from Upper
Scorpius from Mathews et al. (2012), Barenfeld et al. (2016), and
van der Plas et al. (2016) and the uniform method of dust mass calculation presented in this
study.
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Figure 73. Spectral energy distributions (SEDs) with best-fit models from MCFOST, for the
stellar targets within this survey (M4-M5.75). Fluxes (black symbols) are compiled from
Bulger et al. (2014) with the new 885µm measurements from this study, and upper limits
are denoted where applicable. In addition to the de-reddened stellar photosphere (gray) and
best-fit full SED (red solid line), the contributing disk components are given by the
following lines: scattered light (blue dotted); direct starlight (magenta dashed); thermal
emission (red dot-dashed); scattered thermal emission (green dot-dot dashed).
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Figure 74. Spectral energy distributions (SEDs) with best-fit models from MCFOST, for the
substellar targets within this survey (M6 and later). Symbols and lines are as in Figure 73.
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Table 23. Rederived stellar parameters and dust masses for our sample and
comparison samples.
Name Source Region Age SpTy Teff Stellar Mass Log L∗ Mdust40 Mdust100 Mdust200
(Myr) (K) (M⊕) (L) (M⊕) (M⊕) (M⊕)
J04292165 (1) Taurus 1 M6 2858 0.06 {0.05, 0.09} -1.57 {-1.69, -1.24} 2.72 3.82 4.67
J04141188 (1) Taurus 1 M6.25 2835 0.05 {0.04, 0.05} -1.63 {-1.75, -1.49} 0.41 0.57 0.70
J04230607 (1) Taurus 1 M6 2858 0.06 {0.05, 0.09} -1.57 {-1.69, -1.24} 2.20 3.09 3.78
J04262939 (1) Taurus 1 M6 2858 0.06 {0.05, 0.09} -1.57 {-1.69, -1.24} 2.00 2.81 3.43
J04381486 (1) Taurus 1 M7.25 2746 0.04 {0.03, 0.04} -1.88 {-2.02, -1.75} 0.63 0.86 1.05
J04382134 (1) Taurus 1 M6.5 2814 0.05 {0.04, 0.06} -1.69 {-1.81, -1.57} 1.12 1.57 1.92
J04390163 (1) Taurus 1 M6 2858 0.06 {0.05, 0.09} -1.57 {-1.69, -1.24} 0.48 0.67 0.83
J04390396 (1) Taurus 1 M7.25 2746 0.04 {0.03, 0.04} -1.88 {-2.02, -1.75} 1.13 1.56 1.90
J04400067 (1) Taurus 1 M6 2858 0.06 {0.05, 0.09} -1.57 {-1.69, -1.24} 3.61 5.06 6.19
J04414825 (1) Taurus 1 M7.75 2696 0.03 {0.02, 0.04} -2.02 {-2.15, -1.88} 1.73 2.36 2.88
J04144730 (1) Taurus 1 M4 3190 0.2 {0.16, 0.25} -0.7 {-0.86, -0.58} 4.04 5.94 7.30
J04161210 (1) Taurus 1 M4.75 3027 0.14 {0.1, 0.18} -0.96 {-1.15, -0.78} 1.44 2.09 2.56
J04181710 (1) Taurus 1 M5.75 2883 0.05 {0.05, 0.1} -1.49 {-1.63, -1.15} 0.47 0.67 0.82
J04202555 (1) Taurus 1 M5.25 2943 0.1 {0.05, 0.14} -1.15 {-1.49, -0.96} 5.18 7.45 9.13
J04284263 (1) Taurus 1 M5.25 2943 0.1 {0.05, 0.14} -1.15 {-1.49, -0.96} 0.43 0.62 0.76
J04322210 (1) Taurus 1 M4.75 3027 0.14 {0.1, 0.18} -0.96 {-1.15, -0.78} 14.02 20.35 24.98
J04334465 (1) Taurus 1 M4.75 3027 0.14 {0.1, 0.18} -0.96 {-1.15, -0.78} 10.14 14.72 18.07
J04385859 (1) Taurus 1 M4.25 3133 0.18 {0.14, 0.22} -0.78 {-0.96, -0.64} 6.78 9.93 12.21
J04393364 (1) Taurus 1 M5 2981 0.12 {0.09, 0.16} -1.06 {-1.24, -0.86} 2.53 3.65 4.48
J04394488 (1) Taurus 1 M5 2981 0.12 {0.09, 0.16} -1.06 {-1.24, -0.86} 3.01 4.35 5.33
J04555605 (1) Taurus 1 M4 3190 0.2 {0.16, 0.25} -0.7 {-0.86, -0.58} 0.22 0.32 0.40
J05075496 (1) Taurus 1 M4 3190 0.2 {0.16, 0.25} -0.7 {-0.86, -0.58} 0.62 0.92 1.13
217
GK Tau (2) Taurus 1 K7 4020 0.65 {0.64, 0.67} -0.01 {-0.02, 0.01} 1.16 1.76 2.18
HQ Tau (2) Taurus 1 K2 4709 1.3 {1.21, 1.37} 0.5 {0.44, 0.54} 1.25 1.95 2.42
JH 112 A (2) Taurus 1 K6 4085 0.7 {0.67, 0.75} 0.04 {0.01, 0.09} 1.45 2.20 2.72
FQ Tau A (2) Taurus 1 M3 3407 0.29 {0.25, 0.33} -0.5 {-0.58, -0.43} 1.56 2.31 2.84
CoKu Tau/4 AB (2) Taurus 1 M1.5 3636 0.4 {0.36, 0.45} -0.32 {-0.38, -0.25} 1.58 2.37 2.92
FV Tau B (2) Taurus 1 K6 4085 0.7 {0.67, 0.75} 0.04 {0.01, 0.09} 1.59 2.42 3.00
DF Tau AB (2) Taurus 1 M2 3560 0.36 {0.33, 0.4} -0.38 {-0.43, -0.32} 1.60 2.39 2.94
RW Aur B (2) Taurus 1 K5 4209 0.82 {0.75, 0.91} 0.14 {0.09, 0.21} 1.81 2.77 3.43
XZ Tau A (2) Taurus 1 M2 3560 0.36 {0.33, 0.4} -0.38 {-0.43, -0.32} 1.82 2.71 3.34
DD Tau B (2) Taurus 1 M3.5 3305 0.25 {0.2, 0.29} -0.58 {-0.7, -0.5} 1.84 2.71 3.34
UY Aur B (2) Taurus 1 M2.5 3489 0.33 {0.29, 0.36} -0.43 {-0.5, -0.38} 1.88 2.79 3.44
IT Tau A (2) Taurus 1 K3 4566 1.11 {1.01, 1.21} 0.38 {0.31, 0.44} 1.94 3.00 3.73
Haro 6-28 A (2) Taurus 1 M2 3560 0.36 {0.33, 0.4} -0.38 {-0.43, -0.32} 2.00 2.98 3.68
FV Tau A (2) Taurus 1 K5 4209 0.82 {0.75, 0.91} 0.14 {0.09, 0.21} 2.05 3.14 3.89
V955 Tau A (2) Taurus 1 K7 4020 0.65 {0.64, 0.67} -0.01 {-0.02, 0.01} 2.08 3.16 3.91
GN Tau A (2) Taurus 1 M2.5 3489 0.33 {0.29, 0.36} -0.43 {-0.5, -0.38} 2.25 3.35 4.12
IT Tau B (2) Taurus 1 M4 3190 0.2 {0.16, 0.25} -0.7 {-0.86, -0.58} 2.41 3.53 4.34
FO Tau A (2) Taurus 1 M3.5 3305 0.25 {0.2, 0.29} -0.58 {-0.7, -0.5} 2.65 3.92 4.82
GH Tau A (2) Taurus 1 M2 3560 0.36 {0.33, 0.4} -0.38 {-0.43, -0.32} 2.73 4.07 5.01
IRAS 04301+2608 (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 2.82 4.27 5.27
JH 112 B (2) Taurus 1 M8.5 2618 0.02 {0.02, 0.03} -2.21 {-2.31, -2.09} 2.95 3.98 4.84
V807 Tau A (2) Taurus 1 K7 4020 0.65 {0.64, 0.67} -0.01 {-0.02, 0.01} 2.97 4.52 5.59
J04334171+1750402 (2) Taurus 1 M4 3190 0.2 {0.16, 0.25} -0.7 {-0.86, -0.58} 3.43 5.04 6.20
CFHT 4 (2) Taurus 1 M7 2770 0.04 {0.03, 0.05} -1.81 {-1.95, -1.69} 3.98 5.51 6.72
FX Tau A (2) Taurus 1 M1 3721 0.45 {0.4, 0.5} -0.25 {-0.32, -0.17} 4.06 6.10 7.53
V410 X-ray 2 (2) Taurus 1 M0 3898. 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 4.09 6.19 7.64
218
FM Tau (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 4.52 6.83 8.43
GI Tau (2) Taurus 1 K7 4020 0.65 {0.64, 0.67} -0.01 {-0.02, 0.01} 4.66 7.07 8.74
HN Tau A (2) Taurus 1 K5 4209 0.82 {0.75, 0.91} 0.14 {0.09, 0.21} 4.66 7.13 8.83
IS Tau A (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 4.71 7.11 8.79
CX Tau (2) Taurus 1 M2.5 3489 0.33 {0.29, 0.36} -0.43 {-0.5, -0.38} 4.71 7.00 8.63
FZ Tau (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 4.80 7.26 8.96
J04333278+1800436 (2) Taurus 1 M1 3721 0.45 {0.4, 0.5} -0.25 {-0.32, -0.17} 4.86 7.30 9.00
DD Tau A (2) Taurus 1 M3.5 3305 0.25 {0.2, 0.29} -0.58 {-0.7, -0.5} 4.90 7.24 8.90
IP Tau (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 5.02 7.59 9.37
FY Tau (2) Taurus 1 K5 4209 0.82 {0.75, 0.91} 0.14 {0.09, 0.21} 5.15 7.88 9.76
CIDA 8 (2) Taurus 1 M3.5 3305 0.25 {0.2, 0.29} -0.58 {-0.7, -0.5} 5.37 7.93 9.76
IRAS 04414+2506 (2) Taurus 1 M7.25 2746 0.04 {0.03, 0.04} -1.88 {-2.02, -1.75} 5.38 7.41 9.04
KPNO 10 (2) Taurus 1 M5 2981 0.12 {0.09, 0.16} -1.06 {-1.24, -0.86} 5.51 7.95 9.75
DS Tau (2) Taurus 1 K5 4209 0.82 {0.75, 0.91} 0.14 {0.09, 0.21} 5.55 8.49 10.51
UY Aur A (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 6.12 9.25 11.42
SU Aur (2) Taurus 1 G8 5179 2.38 {2.16, 2.54} 0.97 {0.88, 1.03} 6.40 10.19 12.72
UZ Tau Wa (2) Taurus 1 M2 3560 0.36 {0.33, 0.4} -0.38 {-0.43, -0.32} 6.43 9.60 11.83
RW Aur A (2) Taurus 1 K2.5 4645 1.21 {1.11, 1.3} 0.44 {0.38, 0.5} 6.56 10.19 12.65
HV Tau C (2) Taurus 1 K6 4085 0.7 {0.67, 0.75} 0.04 {0.01, 0.09} 6.85 10.44 12.91
IRAS 04125+2902 (2) Taurus 1 M1.25 3677 0.42 {0.38, 0.47} -0.28 {-0.35, -0.21} 6.90 10.35 12.77
HO Tau (2) Taurus 1 M0.5 3815 0.5 {0.45, 0.56} -0.17 {-0.25, -0.11} 6.94 10.46 12.92
FS Tau A (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 7.04 10.65 13.15
J04153916+2818586 (2) Taurus 1 M3.75 3248 0.22 {0.18, 0.27} -0.64 {-0.78, -0.54} 7.37 10.86 13.36
XEST 13-010 (2) Taurus 1 M3 3407 0.29 {0.25, 0.33} -0.5 {-0.58, -0.43} 7.72 11.45 14.10
UZ Tau Wb (2) Taurus 1 M3 3407 0.29 {0.25, 0.33} -0.5 {-0.58, -0.43} 7.79 11.56 14.24
DH Tau A (2) Taurus 1 M1 3721 0.45 {0.4, 0.5} -0.25 {-0.32, -0.17} 7.96 11.95 14.74
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HK Tau B (2) Taurus 1 M2 3560 0.36 {0.33, 0.4} -0.38 {-0.43, -0.32} 8.28 12.36 15.24
V409 Tau (2) Taurus 1 M1.5 3636 0.4 {0.36, 0.45} -0.32 {-0.38, -0.25} 8.58 12.84 15.83
DK Tau A (2) Taurus 1 K8 4004 0.64 {0.63, 0.64} -0.02 {-0.03, -0.02} 8.61 13.07 16.16
IRAS 04385+2550 (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 9.30 14.06 17.37
CIDA 7 (2) Taurus 1 M4.75 3027 0.14 {0.1, 0.18} -0.96 {-1.15, -0.78} 9.68 14.04 17.22
FN Tau (2) Taurus 1 M5 2981 0.12 {0.09, 0.16} -1.06 {-1.24, -0.86} 9.87 14.23 17.45
J04155799+2746175 (2) Taurus 1 M5.5 2910 0.09 {0.06, 0.12} -1.24 {-1.57, -1.06} 9.94 14.21 17.39
V836 Tau (2) Taurus 1 K7 4020 0.65 {0.64, 0.67} -0.01 {-0.02, 0.01} 10.01 15.21 18.80
CIDA 1 (2) Taurus 1 M5.5 2910 0.09 {0.06, 0.12} -1.24 {-1.57, -1.06} 10.67 15.24 18.66
LR 1 (2) Taurus 1 K4.5 4292 0.84 {0.78, 0.92} 0.17 {0.12, 0.24} 10.84 16.62 20.58
CIDA 9 A (2) Taurus 1 K8 4004 0.64 {0.63, 0.64} -0.02 {-0.03, -0.02} 11.53 17.51 21.64
HK Tau A (2) Taurus 1 M0.5 3815 0.5 {0.45, 0.56} -0.17 {-0.25, -0.11} 13.19 19.87 24.53
HP Tau (2) Taurus 1 K3 4566 1.11 {1.01, 1.21} 0.38 {0.31, 0.44} 13.77 21.32 26.45
DE Tau (2) Taurus 1 M1 3721 0.45 {0.4, 0.5} -0.25 {-0.32, -0.17} 14.28 21.43 26.44
J04333905+2227207 (2) Taurus 1 M1.75 3597 0.38 {0.34, 0.42} -0.35 {-0.4, -0.28} 14.48 21.64 26.67
UX Tau A (2) Taurus 1 K2 4709 1.3 {1.21, 1.37} 0.5 {0.44, 0.54} 17.02 26.50 32.92
IRAS 04200+2759 (2) Taurus 1 M2 3560 0.36 {0.33, 0.4} -0.38 {-0.43, -0.32} 17.37 25.92 31.94
FT Tau (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 19.09 28.85 35.64
BP Tau (2) Taurus 1 K7 4020 0.65 {0.64, 0.67} -0.01 {-0.02, 0.01} 19.29 29.30 36.23
V710 Tau A (2) Taurus 1 M0.5 3815 0.5 {0.45, 0.56} -0.17 {-0.25, -0.11} 19.40 29.23 36.09
CW Tau (2) Taurus 1 K3 4566 1.11 {1.01, 1.21} 0.38 {0.31, 0.44} 19.41 30.04 37.28
AA Tau (2) Taurus 1 K7 4020 0.65 {0.64, 0.67} -0.01 {-0.02, 0.01} 20.74 31.50 38.94
IRAS 04370+2559 (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 21.17 32.01 39.54
IRAS 04196+2638 (2) Taurus 1 M1 3721 0.45 {0.4, 0.5} -0.25 {-0.32, -0.17} 22.56 33.87 41.78
J04202144+2813491 (2) Taurus 1 M1 3721 0.45 {0.4, 0.5} -0.25 {-0.32, -0.17} 23.18 34.81 42.94
IRAS 04429+1550 (2) Taurus 1 M2.5 3489 0.33 {0.29, 0.36} -0.43 {-0.5, -0.38} 24.98 37.17 45.79
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GO Tau (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 25.47 38.50 47.56
IQ Tau (2) Taurus 1 M0.5 3815 0.5 {0.45, 0.56} -0.17 {-0.25, -0.11} 27.12 40.87 50.46
CY Tau (2) Taurus 1 M1.5 3636 0.4 {0.36, 0.45} -0.32 {-0.38, -0.25} 28.77 43.06 53.09
DN Tau (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 32.95 49.81 61.53
DQ Tau AB (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 33.05 49.96 61.71
Haro 6-37 C (2) Taurus 1 M1 3721 0.45 {0.4, 0.5} -0.25 {-0.32, -0.17} 36.92 55.43 68.39
IRAS 04260+2642 (2) Taurus 1 K5.5 4140 0.75 {0.7, 0.82} 0.09 {0.04, 0.14} 38.21 58.31 72.15
CI Tau (2) Taurus 1 K7 4020 0.65 {0.64, 0.67} -0.01 {-0.02, 0.01} 39.21 59.56 73.63
DO Tau (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 39.65 59.94 74.04
DM Tau (2) Taurus 1 M1 3721 0.45 {0.4, 0.5} -0.25 {-0.32, -0.17} 40.13 60.26 74.35
Haro 6-13 (2) Taurus 1 M0 3898 0.56 {0.5, 0.6} -0.11 {-0.17, -0.06} 42.90 64.85 80.10
DR Tau (2) Taurus 1 K5 4209 0.82 {0.75, 0.91} 0.14 {0.09, 0.21} 43.14 66.02 81.74
LkCa 15 (2) Taurus 1 K5 4209 0.82 {0.75, 0.91} 0.14 {0.09, 0.21} 52.77 80.76 99.99
RY Tau (2) Taurus 1 K1 4788 1.42 {1.37, 1.48} 0.57 {0.54, 0.6} 54.76 85.56 106.38
MHO 2 AB (2) Taurus 1 M2.5 3489 0.33 {0.29, 0.36} -0.43 {-0.5, -0.38} 56.57 84.18 103.71
UZ Tau Eab (2) Taurus 1 M1 3721 0.45 {0.4, 0.5} -0.25 {-0.32, -0.17} 58.79 88.28 108.92
T Tau N (2) Taurus 1 K0 4870 1.57 {1.48, 1.71} 0.65 {0.6, 0.71} 60.25 94.49 117.56
GM Aur (2) Taurus 1 K3 4566 1.11 {1.01, 1.21} 0.38 {0.31, 0.44} 66.26 102.56 127.26
DL Tau (2) Taurus 1 K7 4020 0.65 {0.64, 0.67} -0.01 {-0.02, 0.01} 69.94 106.24 131.34
ZZ Tau IRS (2) Taurus 1 M5 2981 0.12 {0.09, 0.16} -1.06 {-1.24, -0.86} 74.68 107.72 132.08
MHO 1 (2) Taurus 1 M2.5 3489 0.33 {0.29, 0.36} -0.43 {-0.5, -0.38} 99.28 147.75 182.01
DG Tau (2) Taurus 1 K6 4085 0.7 {0.67, 0.75} 0.04 {0.01, 0.09} 136.59 208.01 257.28
GG Tau Aab (2) Taurus 1 K7 4020 0.65 {0.64, 0.67} -0.01 {-0.02, 0.01} 200.02 303.82 375.62
SONYC-RhoOph-8 (3) Rho Oph 1 M7 2770 0.04 {0.03, 0.05} -1.81 {-1.95, -1.69} 0.44 0.61 0.74
ISO-Oph023 (3) Rho Oph 1 M7 2770 0.04 {0.03, 0.05} -1.81 {-1.95, -1.69} 0.66 0.91 1.11
ISO-Oph030 (3) Rho Oph 1 M7 2770 0.04 {0.03, 0.05} -1.81 {-1.95, -1.69} 2.10 2.91 3.56
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ISO-Oph032 (3) Rho Oph 1 M6.5 2814 0.05 {0.04, 0.06} -1.69 {-1.81, -1.57} 0.72 1.01 1.23
ISO-Oph033 (3) Rho Oph 1 M8 2670 0.03 {0.02, 0.03} -2.09 {-2.21, -1.95} 0.69 0.94 1.15
ISO-Oph042 (3) Rho Oph 1 M5 2981 0.12 {0.09, 0.16} -1.06 {-1.24, -0.86} 1.12 1.62 1.99
ISO-Oph102 (3) Rho Oph 1 M5 2981 0.12 {0.09, 0.16} -1.06 {-1.24, -0.86} 1.02 1.47 1.80
ISO-Oph138 (3) Rho Oph 1 M7.75 2696 0.03 {0.02, 0.04} -2.02 {-2.15, -1.88} 1.01 1.39 1.69
GY92-264 (3) Rho Oph 1 M8 2670 0.03 {0.02, 0.03} -2.09 {-2.21, -1.95} 2.19 2.98 3.63
ISO-Oph160 (3) Rho Oph 1 M7.5 2721 0.03 {0.03, 0.04} -1.95 {-2.09, -1.81} 3.67 5.04 6.14
ISO-Oph193 (3) Rho Oph 1 M6 2858 0.06 {0.05, 0.09} -1.57 {-1.69, -1.24} 3.22 4.52 5.53
2MJ15354856-2958551 (4) Upper Sco 10 M4 3190 0.16 {0.1, 0.25} -1.55 {-1.78, -1.35} 0.80 1.15 1.54
2MJ15514032-2146103 (4) Upper Sco 10 M4 3190 0.16 {0.1, 0.25} -1.55 {-1.78, -1.35} 0.32 0.46 0.61
2MJ15530132-2114135 (4) Upper Sco 10 M4 3190 0.16 {0.1, 0.25} -1.55 {-1.78, -1.35} 2.40 3.47 4.63
2MJ15534211-2049282 (4) Upper Sco 10 M3.5 3305 0.25 {0.16, 0.33} -1.35 {-1.55, -1.2} 1.07 1.56 2.06
2MJ15582981-2310077 (4) Upper Sco 10 M3 3407 0.33 {0.25, 0.39} -1.2 {-1.35, -1.09} 1.93 2.85 3.74
2MJ16001844-2230114 (4) Upper Sco 10 M4.5 3078 0.1 {0.08, 0.16} -1.78 {-1.99, -1.55} 1.89 2.69 3.65
2MJ16014086-2258103 (4) Upper Sco 10 M4 3190 0.16 {0.1, 0.25} -1.55 {-1.78, -1.35} 1.43 2.07 2.76
2MJ16014157-2111380 (4) Upper Sco 10 M4 3190 0.16 {0.1, 0.25} -1.55 {-1.78, -1.35} 0.27 0.40 0.53
2MJ16020757-2257467 (4) Upper Sco 10 M2.5 3489 0.39 {0.33, 0.45} -1.09 {-1.2, -1} 1.62 2.40 3.13
2MJ16024152-2138245 (4) Upper Sco 10 M4.75 3027 0.09 {0.07, 0.12} -1.89 {-2.07, -1.66} 5.39 7.66 10.45
2MJ16030161-2207523 (4) Upper Sco 10 M4.75 3027 0.09 {0.07, 0.12} -1.89 {-2.07, -1.66} 1.48 2.10 2.86
2MJ16032225-2413111 (4) Upper Sco 10 M3.5 3305 0.25 {0.16, 0.33} -1.35 {-1.55, -1.2} 0.88 1.29 1.70
2MJ16035767-2031055 (4) Upper Sco 10 K5 4209 0.9 {0.86, 0.95} -0.44 {-0.49, -0.39} 0.90 1.37 1.75
2MJ16035793-1942108 (4) Upper Sco 10 M2 3560 0.45 {0.39, 0.5} -1 {-1.09, -0.92} 0.34 0.51 0.66
2MJ16041740-1942287 (4) Upper Sco 10 M3.5 3305 0.25 {0.16, 0.33} -1.35 {-1.55, -1.2} 0.32 0.47 0.63
2MJ16043916-1942459 (4) Upper Sco 10 M3.25 3358 0.29 {0.2, 0.36} -1.27 {-1.45, -1.14} 0.17 0.25 0.33
2MJ16052556-2035397 (4) Upper Sco 10 M5 2981 0.08 {0.06, 0.1} -1.99 {-2.13, -1.78} 0.87 1.22 1.68
2MJ16054540-2023088 (4) Upper Sco 10 M2 3560 0.45 {0.39, 0.5} -1 {-1.09, -0.92} 2.23 3.31 4.31
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2MJ16062196-1928445 (4) Upper Sco 10 M0 3898 0.69 {0.63, 0.73} -0.67 {-0.74, -0.63} 0.98 1.47 1.89
2MJ16062277-2011243 (4) Upper Sco 10 M5 2981 0.08 {0.06, 0.1} -1.99 {-2.13, -1.78} 0.33 0.47 0.65
2MJ16063539-2516510 (4) Upper Sco 10 M4.5 3078 0.1 {0.08, 0.16} -1.78 {-1.99, -1.55} 0.82 1.17 1.59
2MJ16064102-2455489 (4) Upper Sco 10 M4.5 3078 0.1 {0.08, 0.16} -1.78 {-1.99, -1.55} 1.48 2.11 2.86
2MJ16064385-1908056 (4) Upper Sco 10 K6 4085 0.82 {0.79, 0.86} -0.53 {-0.56, -0.49} 0.18 0.28 0.36
2MJ16072625-2432079 (4) Upper Sco 10 M3.5 3305 0.25 {0.16, 0.33} -1.35 {-1.55, -1.2} 4.78 6.98 9.23
2MJ16072747-2059442 (4) Upper Sco 10 M4.75 3027 0.09 {0.07, 0.12} -1.89 {-2.07, -1.66} 1.12 1.59 2.17
2MJ16073939-1917472 (4) Upper Sco 10 M2 3560 0.45 {0.39, 0.5} -1 {-1.09, -0.92} 0.17 0.25 0.33
2MJ16075796-2040087 (4) Upper Sco 10 M1 3721 0.57 {0.5, 0.63} -0.83 {-0.92, -0.74} 6.17 9.24 11.93
2MJ16081566-2222199 (4) Upper Sco 10 M3.25 3358 0.29 {0.2, 0.36} -1.27 {-1.45, -1.14} 0.33 0.49 0.65
2MJ16082324-1930009 (4) Upper Sco 10 K9 3984 0.75 {0.73, 0.76} -0.6 {-0.63, -0.59} 9.92 15.01 19.22
2MJ16082751-1949047 (4) Upper Sco 10 M5 2981 0.08 {0.06, 0.1} -1.99 {-2.13, -1.78} 0.43 0.61 0.83
2MJ16090002-1908368 (4) Upper Sco 10 M5 2981 0.08 {0.06, 0.1} -1.99 {-2.13, -1.78} 0.98 1.38 1.90
2MJ16090075-1908526 (4) Upper Sco 10 K9 3984 0.75 {0.73, 0.76} -0.6 {-0.63, -0.59} 10.86 16.44 21.04
2MJ16093558-1828232 (4) Upper Sco 10 M3 3407 0.33 {0.25, 0.39} -1.2 {-1.35, -1.09} 0.23 0.34 0.44
2MJ16094098-2217594 (4) Upper Sco 10 M0 3898 0.69 {0.63, 0.73} -0.67 {-0.74, -0.63} 0.11 0.16 0.20
2MJ16095361-1754474 (4) Upper Sco 10 M3 3407 0.33 {0.25, 0.39} -1.2 {-1.35, -1.09} 0.29 0.42 0.55
2MJ16095441-1906551 (4) Upper Sco 10 M1 3721 0.57 {0.5, 0.63} -0.83 {-0.92, -0.74} 0.13 0.20 0.25
2MJ16095933-1800090 (4) Upper Sco 10 M4 3190 0.16 {0.1, 0.25} -1.55 {-1.78, -1.35} 0.28 0.40 0.54
2MJ16102857-1904469 (4) Upper Sco 10 M3 3407 0.33 {0.25, 0.39} -1.2 {-1.35, -1.09} 0.22 0.32 0.42
2MJ16104636-1840598 (4) Upper Sco 10 M4.5 3078 0.1 {0.08, 0.16} -1.78 {-1.99, -1.55} 0.86 1.23 1.67
2MJ16111330-2019029 (4) Upper Sco 10 M3 3407 0.33 {0.25, 0.39} -1.2 {-1.35, -1.09} 1.61 2.37 3.11
2MJ16113134-1838259 (4) Upper Sco 10 K5 4209 0.9 {0.86, 0.95} -0.44 {-0.49, -0.39} 189.53 288.83 367.72
2MJ16115091-2012098 (4) Upper Sco 10 M3.5 3305 0.25 {0.16, 0.33} -1.35 {-1.55, -1.2} 0.24 0.35 0.46
2MJ16122737-2009596 (4) Upper Sco 10 M4.5 3078 0.1 {0.08, 0.16} -1.78 {-1.99, -1.55} 0.26 0.37 0.50
2MJ16123916-1859284 (4) Upper Sco 10 M0.5 3815 0.63 {0.57, 0.69} -0.74 {-0.83, -0.67} 1.50 2.25 2.90
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2MJ16133650-2503473 (4) Upper Sco 10 M3.5 3305 0.25 {0.16, 0.33} -1.35 {-1.55, -1.2} 0.32 0.47 0.62
2MJ16135434-2320342 (4) Upper Sco 10 M4.5 3078 0.1 {0.08, 0.16} -1.78 {-1.99, -1.55} 3.65 5.22 7.06
2MJ16142029-1906481 (4) Upper Sco 10 M0 3898 0.69 {0.63, 0.73} -0.67 {-0.74, -0.63} 9.73 14.67 18.84
2MJ16143367-1900133 (4) Upper Sco 10 M3 3407 0.33 {0.25, 0.39} -1.2 {-1.35, -1.09} 0.41 0.60 0.79
2MJ16153456-2242421 (4) Upper Sco 10 M0 3898 0.69 {0.63, 0.73} -0.67 {-0.74, -0.63} 2.81 4.24 5.44
2MJ16154416-1921171 (4) Upper Sco 10 K5 4209 0.9 {0.86, 0.95} -0.44 {-0.49, -0.39} 4.94 7.53 9.59
2MJ16163345-2521505 (4) Upper Sco 10 M0.5 3815 0.63 {0.57, 0.69} -0.74 {-0.83, -0.67} 0.72 1.08 1.39
2MJ16181904-2028479 (4) Upper Sco 10 M4.75 3027 0.09 {0.07, 0.12} -1.89 {-2.07, -1.66} 2.43 3.45 4.71
2MJ16215466-2043091 (4) Upper Sco 10 K7 4020 0.78 {0.77, 0.79} -0.58 {-0.58, -0.56} 0.11 0.17 0.21
2MJ16270942-2148457 (4) Upper Sco 10 M4.5 3078 0.1 {0.08, 0.16} -1.78 {-1.99, -1.55} 1.39 1.99 2.69
2MJ16303390-2428062 (4) Upper Sco 10 M4 3190 0.16 {0.1, 0.25} -1.55 {-1.78, -1.35} 0.25 0.36 0.48
2MJ15583692-2257153 (4) Upper Sco 10 G7 5293 1.31 {1.3, 1.32} 0.17 {0.14, 0.2} 26.16 40.99 51.23
2MJ16025123-2401574 (4) Upper Sco 10 K4 4383 1 {0.95, 1.04} -0.32 {-0.37, -0.26} 0.01 0.02 0.03
2MJ16042165-2130284 (4) Upper Sco 10 K2 4709 1.14 {1.11, 1.15} -0.14 {-0.17, -0.12} 38.72 59.82 75.41
2MJ16141107-2305362 (4) Upper Sco 10 K2 4709 1.14 {1.11, 1.15} -0.14 {-0.17, -0.12} 0.84 1.30 1.64
usd155556 (5) Upper Sco 10 M6.5 2814 0.05 {0.04, 0.05} -2.28 {-2.33, -2.21} 0.47 0.65 0.92
usd155601 (5) Upper Sco 10 M6.5 2814 0.05 {0.04, 0.05} -2.28 {-2.33, -2.21} 1.70 2.36 3.31
usco128 (5) Upper Sco 10 M7 2770 0.04 {0.03, 0.05} -2.33 {-2.39, -2.28} 1.45 2.00 2.81
usco55 (5) Upper Sco 10 M5.5 2910 0.06 {0.05, 0.08} -2.13 {-2.21, -1.99} 0.30 0.43 0.59
usd161005 (5) Upper Sco 10 M7 2770 0.04 {0.03, 0.05} -2.33 {-2.39, -2.28} 0.38 0.52 0.73
usd161939 (5) Upper Sco 10 M7 2770 0.04 {0.03, 0.05} -2.33 {-2.39, -2.28} 0.68 0.94 1.32
Allers8 (5) Upper Sco 10 M3 3407 0.33 {0.25, 0.39} -1.2 {-1.35, -1.09} 1.20 1.76 2.31
[USco]J160545.4-202308 (6) Upper Sco 10 M2 3560 0.45 {0.39, 0.5} -1 {-1.09, -0.92} 2.75 3.93 4.95
[USco]J161420.3-190648 (6) Upper Sco 10 K5 4209 0.9 {0.86, 0.95} -0.44 {-0.49, -0.39} 3.87 5.68 7.06
ScoPMS31 (6) Upper Sco 10 M0.5V 3815. 0.63 {0.57, 0.69} -0.74 {-0.83, -0.67} 1.25 1.81 2.26
[USco]J160823.2-193001 (6) Upper Sco 10 K9 3984 0.75 {0.73, 0.76} -0.6 {-0.63, -0.59} 9.41 13.71 17.09
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[USco]J160900.7-190852 (6) Upper Sco 10 K9 3984 0.75 {0.73, 0.76} -0.6 {-0.63, -0.59} 5.29 7.70 9.60
[PZ99]J160421.7-213028 (6) Upper Sco 10 K2 4709 1.14 {1.11, 1.15} -0.14 {-0.17, -0.12} 22.80 34.03 41.96
[PZ99]J161411.0-230536 (6) Upper Sco 10 K0 4870 1.19 {1.18, 1.21} -0.06 {-0.08, -0.03} 1.13 1.70 2.09
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